12 United States Patent

US010709039B2

(10) Patent No.: US 10,709,039 B2

North et al. 45) Date of Patent: Jul. 7, 2020
(54) DATA PROCESSING EQUIPMENT USPC e e, 454/184
STRUCTURE See application file for complete search history.
(71) Applicant: CHATSWORTH PRODUCTS, INC., (56) References Cited
Agoura Hills, CA (US) U.S. PATENT DOCUMENTS
(72) Inventors: Travis North, Pllugerville, TX (US); 2766861 A 10/1956 Abramson
Steven Bornfield, Albuquerque, NM 3,192,306 A 6/1965 Skonnord
(US); Samuel Rodriguez, Leander, TX 3,364,838 A 1/1968 Bradley
(US) 4,467,584 A 8/1984 Crites et al.
4,495,545 A 1/1985 Dufresne et al.
(73) Assignee: Chatsworth Products, Inc., Agoura 4,041,219 A V1985 .Parker
Hills, CA (US) (Continued)
(*) Notice: Subject to any disclaimer, the term of this FOREIGN PAIENT DOCUMENTS
patent 1s extended or adjusted under 35 AU 2008754687 112017
U.S5.C. 154(b) by 109 days. DE 2509487 Al 9/1976
Continued
(21)  Appl. No.: 15/499,234 (Continued)
(22) Filed:  Apr. 27, 2017 OTHER PUBLICATIONS
: Sy Information Disclosure Statement (IDS) Letter Regarding Common
(65) Prior Publication Data Patent Application(s), dated Aug. 16, 2017.
US 2017/0231119 Al Aug. 10, 2017 (Continued)
Related U.S. Application Data Primary Examiner — Edelmira Bosques
, _ o Assistant Examiner — Martha M Becton
(63) Continuation of application No. 13/707,521, filed on (74) Attorney, Agent. or Firm — Tillman Wright, PLLC:
Dec. 6, 2012, now Pat. No. 9,655,259, James D. Wright; David R. Higgins
(60) grcggiilonal application No. 61/568,692, filed on Dec. (57) ABRSTRACT
’ | A data processing equipment structure includes a plurality of
(51) Int. Cl. sidewalls and a ceiling panel, which, together, define an
HOSK 7,20 (2006.01) encliosed space. The structure further incl}ldes at least one
HOSK 5/02 (2006.01) equipment e:nclosure:. and at lieast one Coqln}g unit arranged
in side-to-side relationship 1n a row within the enclose
(52) U.S. CL de-to-side relationship thin th losed
CPC HOSK 7/20745 (2013.01); HOSK 5/0213 space. At least one separation panel divides the enclosed
"""" (2013.01): H05K' 7/2’0145 (2013.01) space 1nto a front plenum at a front side of the row and a rear
(58) Field of Classifica tiO;l Séarch | plenum at a rear side of the row. Cool air 1n the front plenum

CPC ............ HO5K 5/0213; HO5K 7/20745; HOSK
7/20554; HO5K 7/2039

1s 1solated from heated exhaust air in the rear plenum.

8 Claims, 14 Drawing Sheets




US 10,709,039 B2

Page 2
(56) References Cited 7,173,820 B2 2/2007 Fink et al.
7,182,208 B2 2/2007 Tachibana
UU.S. PATENT DOCUMENTS 7,226,353 B2 6/2007 Bettridge et al.
7,236,362 B2 6/2007 Wang et al.
4,592,602 A 6/1986 Kuster et al. 7,255,640 B2 8/2007 Aldag et al.
4774631 A 9/1988 Okuyama et al. 7,259,963 B2 8/2007 Germagian et al.
4,782,245 A 11/1988 Henry 7,286,345 B2 * 10/2007 Casebolt ................... GO6F 1/20
5,020,866 A 6/1991 Mcllwraith 361/679.48
5,147,121 A 0/1992 Mcllwraith 7,293,666 B2  11/2007 Mattlin et al.
5,165,770 A 11/1992 Hahn 7,309,279 B2  12/2007 Sharp et al.
5,216,579 A 6/1993 Basara et al. 7,349,209 B2 3/2008 Campbell et al.
RE34,393 E 0/1993 Mcllwraith 7.425,678 B2 9/2008 Adducc et al.
5,250,752 A 10/1993 Cutright 7.427,713 B2 9/2008 Adducc et al.
5,294,748 A 3/1994 Schwenk et al. 7,430,118 B1* 9/2008 Noteboom ......... HOSK 7/20745
5,488,543 A 1/1996 Mazura et al. 361/695
5,528,454 A 6/1996 Niklos 7,438,638 B2  10/2008 Lewis, II et al.
5,544,012 A 8/1996 Koike 7,472,970 B2 1/2009 Bergesch et al.
5,570,740 A 11/1996 Flores et al. 7,476,804 B2 1/2009 Adducci et al.
5,639,150 A 6/1997 Anderson et al. 7,485,803 B2 2/2009 Adducci et al.
5,671,805 A 9/1997 Stahl et al. 7,486,512 B2 2/2009 Campbell et al.
5,695,263 A 12/1997 Simon et al. 7,495,169 B2 2/2009 Adducc et al.
5,791,498 A 8/1998 Mills 7,498,512 B2 3/2009 Adducci et al.
5,806,945 A 9/1998 Anderson et al. 7,500,911 B2 3/2009 Johnson et al.
5,806,946 A 9/1998 Benner et al. 7,504,581 B2 3/2009 Adducc et al.
5,851,143 A 12/1998 Hanud 7,508,663 B2 3/2009 Coglitore et al.
5,938,302 A 8/1999 Anderson et al. 7,529,086 B2 5/2009 Fink et al.
5,941,767 A 8/1999 Fukuda 7,542,287 B2 6/2009 Lewis, II et al.
5,954,301 A 9/1999 Joseph et al. 7,604,535 B2  10/2009 Germagian et al.
5,995,368 A 11/1999 Lee et al. 7,643,291 B2 1/2010 Mallia et al.
5,997,117 A 12/1999 Krietzman 7,656,660 B2 2/2010 Hoeft et al.
6,034,873 A 3/2000 Stahl et al. 7,684,193 B2 3/2010 Fink et al.
6,044,193 A 3/2000 Szetesi et al. 7,697,285 B2 4/2010 Donowho et al.
6,067,233 A 5/2000 English et al. 7,718,891 B2 5/2010 Adducct et al.
6,104,003 A 8/2000 Jones 7,746,637 B2 6/2010 Donowho et al.
D432,098 S 10/2000 Nelson et al. 7,751,188 Bl 7/2010 French et al.
6,127,663 A 10/2000 Jones 7,752,858 B2 7/2010 Johnson et al.
6,163,454 A 12/2000 Strickler 7,764,495 B2 7/2010 Hruby et al.
6,181,557 Bl 1/2001 Gatti 7,772,489 B2 8/2010 Adducci et al.
6,185,098 Bl 2/2001 Benavides 7,795,532 B2 9/2010 Walker
6,198,628 Bl 3/2001 Smith 7,800,900 B1* 9/2010 Noteboom ......... HOS5SK 7/20745
6,222,729 Bl 4/2001 Yoshikawa 361/679.47
6,223,479 Bl 5/2001 Stockli 7,804,685 B2 9/2010 Krietzman
6,238,029 Bl 5/2001 Marzec et al. 7,839,635 B2 11/2010 Donowho et al.
6,336,691 Bl 1/2002 Maroney et al. 7,878,888 B2 2/2011 Rasmussen et al.
6,373,721 B2 4/2002 Lecinski et al. 7,880,084 B2 2/2011 Adducc et al.
6,381,147 Bl 4/2002 Hayward et al. 7,881,057 B2 2/2011 Fink et al.
6,401,940 Bl 6/2002 Hartel et al. 7,894,190 B2 2/2011 Davis et al.
6,410,844 Bl 6/2002 Bruner et al. 7,895,855 B2* 3/2011 Gooch .......ocovvnv., A62C 3/16
6,462,944 B] 10/2002 Lin 165/80 .3
6,494,050 B2  12/2002 Spinazzola et al. 7,952,869 B2 5/2011 Lewis, II et al.
6,513,770 Bl 2/2003 Franz et al. 7,957,139 B2 6/2011 Davis et al.
6,525,935 B2* 2/2003 Casebolt ................. GO6F 1/181 7,974,105 B2 7/2011 Dean, Jr. et al.
312/236 8,035,965 B2 10/2011 Adducc et al.
6,554,697 Bl 4/2003 Koplin 8,040,673 B2 10/2011 Krietzman
6,557,357 B2 5/2003 Spinazzola et al. 8,087,979 B2 1/2012 Rasmussen
6,574,970 B2 6/2003 Spinazzola et al. 8,107,238 B2 1/2012 Krietzman et al.
6,601,932 Bl 8/2003 Helgenberg et al. 8,248,792 B2* 82012 Wel ....oooovvvvnnn.. HOS5SK 7/20745
6,611,428 Bl 8/2003 Wong 181/264
6,616,524 B2 9/2003 Storck, Jr. et al. 8,257,155 B2 9/2012 Lewis, II
6,652,373 B2 11/2003 Sharp et al. 8,395,046 B2  3/2013 Nicewicz et al.
6,672,955 B2 1/2004 Charron 8,395,891 B2  3/2013 Noteboom et al.
6,745,579 B2 6/2004 Spinazzola et al. 8,403,736 B2  3/2013 Rasmussen et al.
6,788,535 B2 9/2004 Dodgen et al. 8,405,984 B2  3/2013 Donowho et al.
6,854,284 B2 2/2005 Bash et al. 8,411,465 B2  4/2013 Dean, Jr. et al.
6,859,366 B2 2/2005 Fink 8,425,287 B2* 4/2013 Wexler ............... HOS5K 7/20745
6,867,967 B2 3/2005 Mok 361/690
6,896,612 B1* 5/2005 Novotny ............ HO5K 7/20618 8,427.830 B2 4/2013 Absalom
361/691 8,437,147 B2 5/2013 Dean, Jr. et al.
6,980,433 B2 12/2005 Fink 8,523,643 Bl 9/2013 Roy
7,011,576 B2 3/2006 Sharp et al. 8,628,158 B2 1/2014 Caveney
7,033,267 B2* 4/2006 Rasmussen ........ HOSK 7/20572 8,653,363 B2 2/2014 Behrens et al.
361/691 8,701,737 B2 4/2014 Mainers et al.
7,046,514 B2 5/2006 Fink et al. 8,730,665 B2 5/2014 Lewis, II et al.
7,074,123 B2 7/2006 Bettridge et al. 8,888,158 B2 11/2014 Slessman
7,112,131 B2* 9/2006 Rasmussen ........ HOSK 7/20572 9,072,193 Bl 6/2015 FEichelberg
361/691 9,072,200 B2 6/2015 Dersch et al.
7,144,320 B2  12/2006 Turek et al. 9,204,577 B2 12/2015 Noteboom et al.
7,145,772 B2  12/2006 Fink 9,313,927 B2 4/2016 Krietzman
7,154,748 B2  12/2006 Yamada 9,380,735 B2 6/2016 Chang



US 10,709,039 B2

Page 3
(56) References Cited 2008/0212265 Al1* 9/2008 Mazura .............. HOS5K 7/20754
361/678
. E 1 ruby et al.
U.S. PATENT DOCUMENTS 2008/0266789 A 10/2008 Hruby ]
2008/0285232 Al 11/2008 Claassen et al.
9,426,903 Bl /2016 Morales 2008/0316702 Al 12/2008 Donowho et al.
9,560,777 B2 1/2017 Krietzman et al. 2008/0316703 A1 12/2008 Donowho et al.
0585266 B2  2/2017 Krietzman et al. 2009/0021907 Al*  1/2009 Mann .....ccooo.... HOSK 7/20745
9,655,259 B2  5/2017 North et al. 361/679.41
9,795,060 B2  10/2017 Greeson et al. 2009/0059523 Al 3/2009 Mallia et al.
9955616 B2  4/2018 Krietzman et al. 2009/0129013 Al 5/2009 Donowho et al.
10,133,320 B2  11/2018 Lewis, II et al. 2009/0168345 Al 6/2009 Martini
2001/0029163 Al  10/2001 Spinazzola et al. 2009/0173017 Al 7/2009 Hall
2002/0101721 A1 8/2002 Blood 2009/0190307 Al 7/2009 Krietzman
2003/0020379 Al 1/2003 Larsen et al. 2009/0227197 A1 9/2009 Lewis, II et al.
2003/0050003 Al* 3/2003 Charron ......o....... F24F 3/0442 2009/0239460 A1 9/2009 Lucia et al.
454/184 2009/0239461 Al 9/2009 Lewis, II et al.
2004/0007348 Al 1/2004 Stoller 2009/0241578 Al* 10/2009 Carlson .......oovvivvn. F25D 17/06
2004/0050808 A1  3/2004 Krampotich et al. 62/259.2
2004/0099747 Al* 5/2004 Johnson ........... HOS5K 7/20736 2009/0257188 Al* 10/2009 Mills ..oooovvvvevvvenrennn.. GO6F 1/20
236/49.3 361/679.49
2004/0182799 Al  9/2004 Tachibana 2009/0273915 Al 11/2009 Dean, Ir. et al.
2004/0190270 Al 9/2004 Aldag et al. 2009/0277605 Al 11/2009 VanGilder
2004/0201335 Al 10/2004 Davis 2010/0061057 Al 3/2010 Dersch et al.
2004/0223300 A1* 11/2004 Fink .oooovivvviniiiiniiiin, HOS5K 7/20 2010/0061059 Al 3/2010 Krietzman et al.
361/690 2010/0085707 Al1l*  4/2010 MOSS .oovevvvnvinnnnnnn, F24F 11/0001
2005/0029910 A1 2/2005 Woods 361/695
2005/0168945 Al* 82005 Coglitore ........... HO5K 7/20736 2010/0114356 Al*  5/2010 Schmitt .....ccoooevvne..n. GO6F 1/20
361/695 700/117
2005/0170770 Al 8/2005 Johnson et al. 2010/0172092 Al 7/2010 Davis et al.
2005/0207116 A1* 9/2005 Yatskov ............. HOSK 7/20745 2010/0172093 Al 7/2010 Davis et al.
361/690 2010/0188816 A1  7/2010 Bean et al.
2005/0225936 A1 10/2005 Day 2010/0216388 Al1* 8/2010 Tresh .......cce...... HO5K 7/20745
2005/0235671 Al  10/2005 Belady et al. 454/184
2005/0248043 Al  11/2005 Bettridge et al. 2010/0248610 A1 9/2010 Caveney et al.
2005/0259383 Al  11/2005 Ewing 2010/0252233 Al* 10/2010 Absalom ............ HOSK 7/20745
2006/0032455 Al 2/2006 Bonner et al. 165/57
2006/0082263 Al 4/2006 Rimler et al. 2010/0304657 Al 12/2010 Gallmann et al.
2006/0103270 Al  5/2006 Bergesch et al. 2010/0307716 Al  12/2010 Bean et al.
2006/0139877 Al* 6/2006 Germagian ........ HO5K 7/20745 2011/0019362 Al 1/2011 Krietzman
361/695 2011/0148261 Al 6/2011 Donowho et al.
2006/0141921 Al 6/2006 Turek et al. 2011/0211328 Al 9/2011 Dean, Jr. et al.
2006/0260338 Al 11/2006 VanGilder et al. 2011/0211329 A1 9/2011 Dean, Jr. et al.
2006/0276121 Al 12/2006 Rasmussen 2011/0237174 A1*  O/2011 Felisi .oooovvvvivvinnninnnnn, EF24F 7/06
2007/0064389 Al 3/2007 Lewis, II et al. 454/184
2007/0064391 A1 3/2007 Lewis, II et al. 2011/0271610 Al  11/2011 Cottuli et al.
2007/0129000 Al 6/2007 Rasmussen et al. 2011/0278999 Al  11/2011 Caveney et al.
2007/0171610 A1 7/2007 Lewis 2011/0287704 Al  11/2011 Lewis, II et al.
2007/0171613 Al 7/2007 McMahan et al. 2011/0290553 Al  12/2011 Behrens et al.
2007/0173189 Al  7/2007 Lewis 2011/0307102 Al* 12/2011 Czamara ............. HOSK 7/1497
2007/0210679 A1 9/2007 Adducci et al. 700/277
2007/0210680 Al  9/2007 Appino et al. 2012/0013229 Al 1/2012 Krietzman
2007/0210681 Al 9/2007 Adducci et al. 2012/0063087 Al*  3/2012 Wel oo, HOSK 7/1497
2007/0210683 Al  9/2007 Adducci et al. 361/696
2007/0210686 Al  9/2007 Adducci et al. 2012/0112612 Al 5/2012 Krietzman
2007/0221393 Al 9/2007 Adducci et al. 2012/0181906 Al 7/2012 Caveney
2007/0254583 Al* 11/2007 Germagian ........ HO5K 7/20745 gg%ﬁg%gggg if (lsggjg II:Ie‘ftf Ha1
454/184 1 1 L5 North et al.
2007/0259616 Al* 11/2007 Scattolin ................. GOGF 1/20 2013/0160271 Al 6/2013 Krietzman et al.
454/1%4 20:3/0165035 AT 6/20__3 Kr!e':zman et al.
2007/0293138 Al 12/2007 Adducci et al. 2013/0210335 Al 82013 Krietzman et al.
_ 2013/0276389 Al  10/2013 Marrs et al.
2008/0002358 Al 1/2008 Casebolt - _ _
) _ ) . 2014/0196394 Al 7/2014 Greeson et al.
2008/0035810 AL~ 2/2008  Lews, 11 2015/0250077 Al 9/2015 Endo et al.
2008/0037228 AL 2/2008 Lewis, II 2016/0088773 Al 3/2016 Greeson et al.
2008/0062654 Al 3/2008 Mattlin et al 5016/0240488 Al 82016 Krietzman
2008/0067904 AL 3/2008 -~ Adducci et al. 2017/0142851 Al 5/2017 Krietzman et al
2008/0068791 Al 3/2008  Ebermann 2017/0150652 Al 5/2017 Greeson et al.
20080074849 AL~ 3/2008 -~ Adduccl et al. 2018/0035570 Al 2/2018 Greeson et al.
2008/0094797 Al* 4/2008 Coglitore ............. HOSK 7/1497
361/679.5 - -
2008/0098763 Al* 5/2008 Yamaoka ......... HO5K 7/20745 FOREIGN PALENT DOCUMENTS
62/259.2
| . DE 20207426 Ul 9/2002
2008/0174954 Al*  7/2008 VanGilder .......... HO5K 7/20745 GR 2366084 R 9/700)
361/679.54 Jp 2000-286580 10/2000
2008/0180908 Al* 7/2008 Wexler ............... HO5K 7/20745 TP 2004-200594 7/2004
361/690 JP 2004-252758 9/2004



US 10,709,039 B2
Page 4

(56) References Cited
FORFEIGN PATENT DOCUMENTS

WO 2006055506 A2 5/2006
WO 2008022058 A2 2/2008
WO 2008022058 A3 11/2008
WO 2008144678 Al  11/2008
WO 2009089008 A2 7/2009
WO 2009103090 A2 8/2009
WO 2009103090 A3 10/2009
WO 2010028384 A2 3/2010
WO 2010028384 A3 5/2010
WO 2010117699 Al  10/2010
WO 2011088430 A2 7/2011
WO 2011088438 A2 7/2011
WO 2011088438 A3 11/2011

OTHER PUBLICATIONS

Rasmussen, Nell, “Air Distribution Architecture Options for Mis-
sion Critical Facilities”, White Paper #55, 2003, pp. 1-13, Revision
1, American Power Conversion (APC), West Kingston, Rhode
Island (13 pages).

Chatsworth Products, Inc., “Thermal Management Solutions,” Sig-

nature Solutions Brochure, revision dated Mar. 2008, www.chatsworth.
com/passivecooling (6 pages).

DCR Product Brochure, Configuration Options, accessed at www.
datacenterinarow.com, on or about Mar. 2011 (4 pages).

DCR Product Brochure, Self-Contained Data Center Configura-
tions, accessed at www.datacenterinarow.com, on or about Mar.
2011 (2 pages).

DCR Product Brochure, Self-Contained Data Center Features, accessed
at www.datacenterinarow.com, on or about Mar. 2011 (2 pages).
DCR Product Brochure, Top Ten Features, accessed at www.
datacenterinarow.com, on or about Mar. 2011 (9 pages).

DCR Product Brochure, accessed at www.datacenterinarow.com, on
or about Mar. 2011 (25 pages).

Hewlett-Packard Development Company, LP, HP 10000 G2 42U
Rack Air Duct Installation Guide, dated Aug. 2008 (23 pages).
Panduit Corporation, Panduit Net-Access Vertical Exhaust Duct
(VED) Instructions, dated 2009 (4 pages).

Panduit Corporation, Panduit Net-Access Vertical Exhaust System
(VES) Specification Sheet, dated Feb. 2011 (4 pages).
Chatsworth Products, Inc. “Cabinet Airflow Baflles—Air Dam Kit
for CPI Cabinet Systems,” Product Data Sheet, Jun. 2004,
techsupport(@chatsworth.com (2 pages).

Emerson Network Power, Smart Cooling Solutions Data Center,
Oct. 2012, Internet Web Page <http://www.emersonnetworkpower.
com/en-EMEA/Products/RACKSANDINTEGRATEDCABINETS/
Documents/ Knurr®%20DCD/Smart-Cooling-Solutions-Data-Center-
EN.pdf> (51 pages).

* cited by examiner



v Old

US 10,709,039 B2

: iVl < e : N e ey e - o e e i o o . -
= . r r - AT T o gl o e e T PRIy sl Ill}ul.lmhﬂ.q. ....._‘l.l\ b o e O
T A A T P e P T ES L - L Tl e TR o

. e _ el o~ e A e i
o Sl ) . .. i ..__.____ T . .h..r.ﬂ..u__.m.._w_“n-. Ry, ....._..._.,.,._._..A.._..____...__, t..._._.....k- et e A
S A e L ol T M S
. 3 g A L-bw......T...l.l? L......{..._...- L i gt il

Sheet 1 of 14

Jul. 7, 2020

U.S. Patent



US 10,709,039 B2

SR b T Y Ot
Ly - .l. . . . ....1...E...'L.l-.l‘...1 l. - ... .
o R

¢ Ol

r . BT " Lot c- . - - Rl .. 0 . . . .1.-‘. . ) .....
RNy ol ho R ol T \-q-.u\u..__.____ o -
- " .l.‘ LI P . R . l‘ . . o o r - = hﬁ.&%
L L el T ey, T T O e
A g s e N e

Lo - . , .I‘l.“ -
M

e
Y

Sheet 2 of 14

Jul. 7, 2020

U.S. Patent

L
—?
LT



US 10,709,039 B2

Sheet 3 of 14

Jul. 7, 2020

U.S. Patent

¢ Ol



US 10,709,039 B2

Sheet 4 of 14

Jul. 7, 2020

U.S. Patent

y Ol

[
—?
S



U.S. Patent Jul. 7, 2020 Sheet 5 of 14 US 10,709,039 B2

| 2
28 15 18
N/
12
2 <« 50
40 25

14

FIG. S



US 10,709,039 B2

Sheet 6 of 14

Jul. 7, 2020

U.S. Patent

9 Ol

¥
-
"



U.S. Patent

N
s
D

-
Y
o

FiG. 7

.f?
,*‘ J‘, '
! ’.r‘ o
£ ", J
S . 7
& ‘fll r:" !
r'f “'::,.-..,,,,__._.,.""“ iyl "“"'“"‘"’“""""-.‘-..': :'."’:,.L":.":I,"fs;l
fr’ / ‘ N
M
l,f

Jul. 7, 2020

I3
f h-"*LHLh_HhLﬁkﬂi*ﬂ b b e iwﬁ%ﬁi&hﬁr"
- pé—.—.-qqrr """-'1r"'-"l""'-'l";"r bk A ..1%

! /

ol
‘
Pmm:wmlmjﬁ \...lmt'l-. J...I-..'l-.'l.,,-l.ﬂ.'l-l: l..-f
‘.

! / s ;

/S

/f

!

L R T RO R T TE R S T

"l‘.'ﬁ.l‘ﬁhﬁ""."r-‘h‘#" e Fonlh W "..ﬂ_fi N F N
f m 1umhuJJwLuwwyLu
X ”%

’ ,f/ x‘f

I /7

;f

¢

H

A e AL L AT T T Sl e T é"."

A o j'{_-..ﬂ.-.-."‘a..-.—-.' e e ey "-F‘;\Il

N, %

Sheet 7 of 14

- !
.
L T
; ROl S
I.-I'l' f R.: ----- -.- -- i:'
Totare = 4
,r': K o _. A
x i v
s F-" Y
a -
;"-I E F'*
; 4 &

- - - - m T
hq-ihnﬁ—-—---—- Yy T r g M

-
T
B
L

L TE W R R W I W e TR Emhilﬂmailti:‘an f
Hrfrqﬂ.ﬁrH%Tﬁﬂﬁfﬁhﬂﬂﬁmﬁ

T el T Rk Tl ol i bl % I N rﬁLﬁ+ﬁq~r*TT11?

T T Ry, Ty P g Ty, g Ty i,

Py 7
/ / /
; 7 /

; SN
! /
s , \a

/ /

,f

-

]

US 10,709,039 B2

4



U.S. Patent Jul. 7, 2020 Sheet 8 of 14 US 10,709,039 B2

)
—
D

215

]
. ¢
."'} llli 'l 4
s 5, d
-'l 'II. !
# Maasssssssssssens . . Y
__.li. f Ilu.llu.lln.llu.llu.:F','l.t'lt'll'lt'll'll'lt'lt'll'llllt'lt'lt'll'll'lt'lt'l||'lt'l|'ll'llllt'll'lllll;.)l.-.Ill;‘llll.-.Il.l.-.Il.ll_-.ll..ll.'ll"llﬂlr'-ll-.'lil
‘ ("I; n"'ﬁ:'-'.ll i 1’; tlll

&
] ""'I::‘ ll,.'- . K I:' ‘";
3 .I -"‘ll’-r l.“ " l-‘.l. ..-'F. ral#
5 I Y LI i

3 ’ v il I i‘
¥ / "":__; , r'r i ; \
- - - - X 4
A ; T}}.‘i':':.'m&hi?_ﬁh ﬂ",i " *-[-;—_1:;'-;-;-;-;-;-;-;-;—;-;-;-;—;—;-;-;-_!f

e'lll |.":I"i. l"l !l'.‘ "I- ‘.,."' .." ‘::'.l‘l-'l

s ) iy
A A "-\ o & 'L‘:,ll- , ? 1 2 "'-.l-.
F v " v N nw
'H “E' .r L ) e, q_-u" .J ."]'I.\"‘ll-l' ""..F" "I-| . . ;F l‘:'. H I‘::::'ﬁ
s R AR TIIRANRG, W | m Ly k
-.I.l fi. r . [ :

, N

R NS FANY 2 2
b b d I'. o -hlll_]

r / ‘.'-I o 4 % " %

.pl m e gk oy - e l-l-h.'ih.-L-l-l-.Lll-lI--L—-l
,li'h.-.nr;'.'

4 e g™ e o 2 e e T " ™ h"'-,

. L
W L Y o LT

g =

_____ e,y 1-

. i LI ¥
e g '*"':"' wa "".,_| T 1_-:.: 'l';'--u": T -t o ".
_:,l " T LY "l"l"i."l"-l"':l.?.l.l ;r":r';‘.::-“ . __?:."h :E:_,r‘!‘.._l _."5:' :"I|(i P *'53":;;53:‘"""‘* Py "1.;;'"'

/ ~ R U Y ¢,
’ 3 I £ ‘W
u |l*I : .|I ‘-.'-.“'" "‘Fr ’ |||. : ‘.l‘
Ill". ¥ ! I,l" ‘.l-".l'*'l § -H.'l.
£ ,."f ‘1.1; *-'_t.i-“ ~ A "
3
] - . s
r'lul’|i ql'ei fkﬁﬁiﬁh-ﬁ-faﬁlﬁ&a“
h B e e N
1-"". ||"‘lF £ l"'I-.' ":.'.-

& '-"‘"r' K
ifllr ,.;." # "'u.:'.. l":".

" .

. .* ., D
#‘r I.f =""|"'| J IF I.::.'I
L J—— o -_:",,-_:‘ _.:._ [ —— -._.._-:;'ll - _kmrltu T T Tl T el T e

/ S DA :

Ay, Bl gt meing ,::L "n.l"\.l_

; '.',_ p . ;
r ’ . ;oS ! 'Q:-.\\ L 2 3,
,|"'. é‘:.‘:.‘:‘f!:f_‘f_‘f;_‘i“_‘;f_i_l_rm'_f_f _;:.1 Wy, g E—

n ‘I E.

", e SATE R A SRR X ;

s ..-“'l' | S '-.':':.‘ .H}"x ! f; l,.?".."{: ‘-} l"'. "
y R ) . ] L

.::I"- t'lJ-_ i E"l‘ ; 1. :_.._.‘ . I.‘I.

J'Jr. :I’ 'ﬂr : - l.::-ll! :' Flf_lltl *Ill' II‘.':.I I::.l‘ "

o, ¥ ' .:' ‘.'F
y =L .-t-"l.:'--l_—.—_-.-' -T"L-:-‘:: rﬁ'ﬂ:,.l
I

| J Il- 5...'... :'.l -'\I |' |'|:-
_ﬁ’ OO N, \ *-"" oy

FiG. 8



U.S. Patent Jul. 7, 2020 Sheet 9 of 14 US 10,709,039 B2

A
—
-

:
- A
f L] EwT e v .F |
3 iy gy vy ey o ey L MU T I Y Y P U T T
F T T T e e T T e T T e T T .,
- ‘ .l " .
1
’

-I-, i . l|!lll Ifl':'."i 'lll::..! f
.l"t v J,-Elr:'l-"r]-: ;':'lm i *'!5:":!4:-::-."':;&;4 - e | i ey 2. e ﬁ ."I:‘. i'l.:"!.

Fi / 3 o ;o N 5
/ ; K 4 P Y R

| L]
; N : b

X |I- F b
.r.;' g 4 .‘..r' I.:"'l# g
J. ._.f ||.':l_ __________ .:l-'-'.i.' o WL L TRTY TN AL
'y Il T Ty o B e, ::';-lh'l'ulh ;o o, B B o gy,
..{ - ,*.l" \ = —.?'L .

f ! : o,
e"’ ."'H“ -’."ﬂ J,r"r A
f;‘ / E ;;” "
/ e r "f rf

4 A 2
;‘r # e S e R
’

4 f"'fl | _g". H' .1.""-
“l‘l.) ;n" (, lll_ﬁ'lll f l'::,r_.l.

"':r l '.;E:h .!e'.lr‘ ‘..":r ‘?r‘ Ry
i, i a 3 s

Y

.".'-".ﬁ."ﬁ-l- il Tl e e Mo e \-“-ﬁ'\‘-"ﬁ"\-"l-‘h"h“'\-‘-'\-'h"h“?. k.‘ b l.',;
i. d

FiG. 9



US 10,709,039 B2

Sheet 10 of 14

Jul. 7, 2020

U.S. Patent

AR A Y
B 4y 1 4 \ "
..__. .__.....-.. "H .J”-__ \\\\\\\\\\w\\\\\\\\\\\ﬁf.\% ...u".“..,.mr ..’..”.h-n_._n\\\\\\\\\Wﬁ\\\\\\\\\\\“ﬂ”ﬂﬁ J.H”.__”.._.. L ..w \\.\\Lﬂ.\\\.\.\“__ﬁf\\\\\\\
. i 'y 4 .\_\ ) 3 ' i
! ¢ S, .\\ ; s ....ﬁ., Y ra £ 4

* _ : | __ 4 S ! s
. do % | A _ : Ao % s : Iy
F SN Ny A N N A A S

P 2
. ) .
f /
5
d i & % %, £
F g o i o o off o off o of o - o o o o o o o o o

! _..._. ﬁ”..._ _...._.m . W _._.._. .."...._. ....\. ’ ..\.
u‘..u. & % 5 . : #

| . % ¢ . ¢ ¢
£ ! ", 5 J 4 kS s £ iy ﬁ L A !rnlla.\
11111111111 AT M X \m:2::2“\_:2::21.# ", P S ; T
L

E iy gpie piogriegylo gy hl.h.ni.-.ﬂ..“ﬂ.-ﬂ-.-u._.ll T rr-ry A
1 .._... o
P~ # o

R 3_

o -
/ s ; X ; H ,fJ ,
4 . ! ik %, i 4 ¢ A,.. /./ _.. H / ¢ ’
; S Y \ i % \\ £ S / 7 / d
_ ;oo %, \\ I ) \ A 5 ¢ ¢

’ ¢ _H”f : .._\ !/ / f"ﬂ.”,., % / / ;.....,F. 3 ,.h_.. 5 xx s ’ H_q ..
T ._..h.__u_.....__.u.,.u_.N\‘ .ﬁ..ﬁu. L o AR ...__m&—._.__. R ...__.\ ”_.__..__1 lﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂ.ﬁmﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ.ﬂ\ u......._...."_. * lﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂuﬂ\rﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂ.ﬂ ’ ..._.. .. q.._.
/ y * / / 3 _ / / S / ; / / /

r

g o Y " A 3 s o, . /s . s ;
/ 7 fu, %, / 4 7 %, % \ \ d ,ﬁ N / 4

/ A J.,.,.J \..\ _ ’ s 7 / _

=
. - - Ly - i '
3 .._..L....__ kY ,_..“. _.__.u_-d.., K 2 .-\.p, r: ......f. I —— . .__._..__.-
.._..._. \ ._..._-..____ W, L .__..... Y .p.« ...- J.__.“.._.
.__.._ ...._. ! .n._,. . ‘..... %, " ...q /.,. .,._.. 8 i
s N ,”,,., \ . Ny, - ¢ \ '
-n- . ._.. " -_.-m_ ]
b ] ...,,.F . ’ ._..nm” ...,,.... // ., ,...,... ,.: .;......r
) N A N, N “.‘._x. % B\ R kY i "
.. , ~ r . : L4 '\ \ Wl
f f,,d_. / , W Y f 5, " iy £ .,,,_.f n, Ay
A “ L) L ) ; 1 ; 4 ...__J..d
N N t.”_,...”, f,......, " L.f.. B 5, Ry f.{,_ ..f_ . "
, &o : % ", LR . \ \
, .,__._.ﬂ u_“.”.. ..._. . ) ....d.__ﬁ_. * .._. ,
oo T NSO WS, WO WO VRSO W
_-Ji | LuD.l|-l.I_l.|_l.|-l.I_l.l_l.l-l.l_l.l_l.l-l. .-f‘ [ g g A o o o -n- _“HHHHHHHHHHK_HHHHHHHHH%‘ [ g g i o g ._l.‘l.l.._ltn”“-l‘ [ ol ™ ol e el H . alf et oF it V] ‘-q f?-
. f,. 4 “..J.,., % P / ....u,.., ..r.,f_."..” oy J.,..., 4 ,_....H“..._ kY \\ X, £ 4 b
h, i FY o4 ; ®, \ b P
ﬁ\\\\\\\\\\.&.{u\\\\\\\\\\ L...“.. ﬂ ; .,._“

1
il el el ol "0 el T ol el el ol ele— ﬁ‘.ﬁillhl.ﬂfl.“l‘*‘llgl-l..l[a.q.dlw



U.S. Patent Jul. 7, 2020 Sheet 11 of 14 US 10,709,039 B2

o
.
D

|
e e e e e e N e e e e e e e e e e el
‘i
oy
n
Y
b |
a L]
"t
.b
'i* "
' .a-‘
s y
5
E
- “
-‘ Ll
\.‘ &
- 4
&
> .
N y
L) 4
[] ]
- "
" L 4
" Iy
] -
J ; oy
.,l' "
w L
e
- r E——
" n
» !
F L]
o Ld
Ly 4
» L
L -
J'll -

41

L

" ' L] [ o o ]
) ;: F‘.. *:-' "\, ;:.*1 : 1: *.. ; -
1: . l‘l \ h. ll‘l 'i.. l. 1.1
n B [y Lt [ "o
-.:E'u'u'-r-.*-'m\'uwnvu nmk‘ﬁ‘h\:‘:‘m&m&ﬁ ;'ﬁ:":';'n*ﬁ*:\\;‘:'m \-':-' o
. + *, . e N
\ . “ - /i. o
rFa L
\ N, N & s
I|. 1] 'I- -l't

" - "n .
1
H R‘ %, .F L Bt i
S " N ."..1- i‘in )
"q.. g o T g By B by T g P By o i, B B B by, g B T B B g g s o
_"ﬁ."ﬁ.".‘t"."i"I‘i."""‘.1i."ﬁllt‘.'iiti“tii'ﬁ"_"r'ﬁ b

J'\,h ."-‘i\ \‘*'..7 \.\ I::i:; 4 ,E ; .,-::::

. oM. i‘ b" [r——s ll* :‘
‘h\ ‘H *h. k \:' '\_.i. '.b:..l.
E ] . LS
|\'. “"‘ "‘ . *‘.-' . "\l d .:: "i
F b
Y \ S\ "\ R o
] ' T \ l""-:ll y ; ’
l\ .\I -.f_q‘ . '
' = - - = - . T
N R A S e T SR I 23 LS g
F . - L |
N \ \ N ‘4 1?
- ]
-“‘ \"I,, -""' \:'r_ .."u'. = .‘.,"l
[

: ' N : o
Hr'h. H"‘-h R h a

- K W o LY
- ' \L \ . “I. - :'h "1;.
% L]
\.' L] 4 I"“ :‘l
!.h - O T T T Y = 1 -t' u o .
N o e R I QN A S I ST A ;

\ \, "\ " s
. n
.\‘- .\ ‘.‘ \ - "l
\ g ’ 1'1':'
'-'.-"-'I‘ o [ % 1 ol T L B Ty L) LR W]
LY e e e e e e o o

-
.
3
2

T

. B A e e, {@ AN

d
]
N, .
g T o g g g o, T g g, o g, M g, g, g iy g, g g, B B g g™ - - \
5, AR AL A AL LA AR LA LA A AR AR RN O o \
. . . . .
- | a L)
., \ \ 5\ by 1 : E EN .\’
-
. ! 1 b
[ -
...'1 , ‘\..J , ‘\ . \r -"‘ |. 1-1. \
i \‘ b . o R
LY x‘- ] ata a'm H
: - Py i
rh B

1I|,.1. \_ ‘M \l -."4: e \
- . | L K \

. ¥ 1 - K
‘l. v \E 1‘3'*1: hhl.l-
Y L e e e e i M R o e i T e i g T e o q.. q‘ 1'

1 Ty R A, ww R o mr,  e , ﬁ:ltﬁtllt‘.‘.ﬂllttﬂi‘\ a '

L)
. ¥

\ \, N 3

414

SR P O .
%l AT A \ 2

:‘-" \:s_ ’ " .
""H %“‘J‘_.H. '\.“,ﬁ N W ‘I"-"

-
4

\:-;‘.':r."" TE= 'I}.:l._h.t'l ETEEETX ':I‘E"- ;'l'l '!'l'll'l"l"'l"lu'l.'l-'ll'lllf‘
~ o )
**'--1-.-.,-."‘*‘"“-.--'-‘:.”:-: s

\ B N

. RARERES A N 4 f
N x

".I.' :"I- "'l". f

L 2‘,-’"
"‘: R EEERREL A A A h T T T YW -

h'I
.




U.S. Patent Jul. 7, 2020 Sheet 12 of 14 US 10,709,039 B2

510

>
-‘:.--'l.ll-'--"'l.--'lr--'--a!.-1h--;t;‘:---n ----- -ult---.-::': ----- R R N R R oy "
Fa \,. S D -}'l;:n.'.h.ﬁ.'h.x.ﬁ.*.xﬁ.ﬁ.ﬁ.ﬁ.;.*.'.*i:x;.xx'ﬁ.ﬁ.uxﬁ.xx . . ] - ".l’ﬁ" ":I' f- :
SN : A AN 7R
". -.ll\. lh.l ".:“ .}1_ ‘;.‘- ‘5 ll-"?-..l _
) ."h _ 'I:':‘ "\:_h ) 'l'\ .'.'
X \r N o N ™, y ""- 5
£ N, N R & &
-' L | O 'I-'I .‘I.‘ ‘.I . WA
LA “ . " t: v 1 . .l.l' .r L}
.&-b-.'u-'--.'--t-- (R '{E‘-“ﬁ-ﬁ"-‘kﬁ'ﬂ@bﬁ%ﬁ}uﬁmﬁ WW%WW:': Sl ie b iy W
3 - b o ~ . Ay o
N ™, \ & N - &
\ N " & S N i
Ly g '\. *u "z"l. - 'y

N N 5, o NN x’\

LR r . v 4, . ]
-.\L ‘\‘b i‘h_ -11:." _1':;. K ."‘ k “y
ll\ 'q‘ '\ h'ﬁ::".. '. 1:3;:' "N". l.\‘ lh'n -..'_,

\ =
, ; & -g:%-amxxxxx«:«mm%
N %, ~, 3 N % '-\&
\ N N, o N ;
N, b £} 3 EEAR AN hY
"‘\ AN TR & &“:‘ﬁ; SN Y

\ \ 3\ b W "a,_

, i 1:""‘. o . .I. 1\ 4 i
N ko pa NN W
"1& ‘b‘h‘u‘b‘u‘ﬁ‘u‘b‘t‘t‘h‘n‘u‘ﬁ‘i‘b‘h‘h‘t‘ﬁ‘h‘f :""l- ;'n'h;:\'h"-"l't. u'-‘-‘ﬁ‘-‘h‘u‘h‘-‘-‘th}.‘"
. e e ‘:'; - \:u-\-'h:- g s e, T T ey Ty B BNy,
™ u N i T "
- “' | .,‘:'"_ . -\ "‘_
": X \ \ %
“ L o -
\ N\ -' 3 BN
\ ' HI "i-‘ 'lL". 1.-\.
' .“ - .f ii' { .l ¥ L] .,
\._\; 1 ‘.f'n‘ ‘l :"' _‘:I;'I- “.h M
‘q_ ‘.\ ".hutil ﬁ' : “\1-

e e -f:-“-%";"'-*.-.-.:,.‘;:“. PR R A
. r - -‘l - || " I‘ '..,\.|I . W
: , '*-::-'\..':T""“ " ""- AES TS N

» l;il‘a..‘-, - ' ] - .
\ At i, v .x\‘w"ﬁ“*”"“{x} N
: B PP L 4 Ty .
r‘\:. .\* ..::. i\.h_ 'l‘f' 1:_':&:.“-“:::;‘ -:?"S:TH'- - 'l :\‘ ',':n.j}\ "\
AN SAAMMINNNSNNEE el oM L W Y T
. N .

™, vy Y o Rl
Kx, N \::.‘.'f W

- ﬁ.. M A | . -:- |. 1'
‘\\""‘:,;:-“xx‘-:-m:-f‘* &

%
\“1‘-' ‘l:_l'I
ag e T Y e " »
TR, o
. -
N, o
\ -::;n
. ‘\.l
N, ,-:.r‘
L]
[ ]
N
_—
'*.,. _ %
- AT T N S N I I e

'.l. \ 1'.\- ::-.' :': .'l . 'ih‘ ‘:'; '3 '_:- . “‘l.. ‘Ih
‘.l:P ) - .y e, '.*"." .':"" nhh-'h-":&h‘h‘h‘ih‘-‘v‘r‘fh#‘r‘kﬁ"h‘b"v ;:‘ +;:|" o
R ?:*:‘:'u - :f- o e it :"‘-."ﬁ.v-‘:":'u'ﬂ.. Ly W&l Nl 'i"l"'

** : \ A SV
\ 5\, N , |
\ 3 \ : N A

’ hY 4
i \ A
' | 3

y e e

\ X

A N |
\ VSN . | 4

. e
b :-,_,_,_,_,_,_,_,_,_,_,_,_,_,_,_,‘w.ﬂ.ﬂ.ﬂ.‘_i" ..................................................... ‘:H. ﬂ.ﬂ.\;.ﬂ.ﬂ.ﬁ.ﬂ.ﬂ.ﬂ.ﬂ.*-f.f-;.j‘f.._u;.?_'
] L] ]
: . pt

N\ \
A s "\ f;

]

H".* ¢'*‘ .;"». 'f}
¥ Vi

ttttttttttttttttttttttt

515



U.S. Patent Jul. 7, 2020 Sheet 13 of 14 US 10,709,039 B2

]
L]
.;‘ 'g' \l
;;-.:}y'h,*-“h‘b“h‘yhh‘-%'uhhh M“Mﬁmwwwm Bl g ey B B
‘,. ."\ 'm - ..‘.-a.‘.‘..‘u- .‘.‘.‘..‘n.‘.'.‘..‘u...‘.‘n.‘.‘.‘u‘.‘.‘.‘.‘.‘u‘.‘.‘.‘\ \...
.|"' "‘_ . _"l

" "I._ A

'u" \ "'* 7
d .h"i' ", i

“ , ¢
‘t? M * -."#

t ) ry
: o [ ] l:_- i
I‘b . E R R L E R h E E kR -‘h‘h‘-‘."-"-‘h‘h‘- A ERERE LR EE R RN L N Y ,."l.l
'!- T T T L T T T T T T T TR, L L e T T N L L N L L T T T Ty e T T ey e, B, “‘ .“.' A
. "y Y
LR By W
) | ]

N\ . LY . 3 :
N\ b Y | “\ N o 'i :E X

- ' ."q; -I‘i!

‘1) "-. 1: * K. n S P
. o e T e e w wiate m o m omtemtm e o w ow ntew e et aa
\% LY o ooy oty B ﬁuum&xﬁ.ﬁﬁhu-\.\h e

Ny "'.‘ " o

! s, N N\ N &
N \ X S oo
“ A “ N, ""a, EN

1 '\h | .I'.
1":. “'-. g g A e T T e e T e R e e e e
n"\l -.:.. 'l-:nr'-'-"'-“'-"'-W‘q‘n‘n‘-‘t‘-ﬂ“‘r‘n‘-‘n“‘r‘ﬂr‘t‘r‘r“ﬂ'-
= - ",

"I\ 1"'1-_ .FN. -,‘ Xx

: kY )

ﬁ'.* " \"x._ ."’v 1\'

A Y N N . N

*, N

. + 1.
e T I e T T Ty T e e e e T
\mﬂmﬁ“&ﬁ?mﬂ%ﬁ‘hﬂﬂ““‘hﬁ .

% \ 2 ~ N\

N\ N, \ N

R T R e T R T AT

"\ \‘ N ""'. . 1._'1 f‘l
l’..‘ ‘. S n” e nw e w . "-"I."l.ﬂl."l.xli IR R R R A AR E R R N A Ib

"__.. Et 1,,51._;_1: L] -l.:' wom W Wk ilt LELE T ENE L E N E L
.."‘. ‘;‘l, " \'; Y
. -- N ™,
! g Ay ™ N ."_:-

LY = " .
2 e - - - - . - ' '
‘\-. EN [ ] T EEEE R R R E Y 'I"I\-. T‘:‘-':l'#'l‘: ‘1"‘""1‘1‘:'“:.":':‘- *

\.‘ M '_*\' ..... Ty N “ |
N ™, N

6 1 5 \“"_\ H‘* | h"‘.\ 3\ K#.\_ h

2 '
™, 5 \, hS N
&
¥ o)
%, A TR R s ned
- ) mn r

; N LY
N , ’
‘5'{\ \, N N N
| - 'y “\
N, ' hY hY
Hxﬂ ™, ™,
) “ ‘fi‘;:‘;::mmmmmﬂ.m
\ - N\ N
%, %, N \
N\ N N\
\ N \?1 “,

. . "' -
I
"'i._h \ o, 'h'h"l-‘h‘h't‘h'ﬁ‘h'ﬁH‘hh‘h‘h‘h‘bﬁ‘h‘h'ﬁ‘h‘h‘h'ﬁ‘h‘h'ﬁ‘h‘t'ﬁ‘h |-
+’ i n "
hY h LR N i
1 [}

4 o o n\)\ﬁ._
'\h \‘ ‘1-" ‘LI' .- 1:. 3 . . ‘.""‘ﬁ-
l"'l\ * l-: |'Il \'\. :::;T"Tm \‘%‘%\H ™~ Ty

. .". \"‘ . "“ " %‘r

L L | ..‘.a‘ . . . . )
T ", t_.'- b ANAY, T Nt R
‘ 3 B I e TS SR
. L, ", > N, Y iy

L L . - e 1 "i?"
; Nod BN Wy R
‘..' ':..-l‘;n. mmmmmmmmmmmmmm R, .1.1 - ) -.‘h I
"'q." " s "—*b.‘x-_b‘ll*'- ': -y
N 5 '
3 7
L ]
‘\.-"' -1.'-
_.‘u

— Y

! 014

0



US 10,709,039 B2

Sheet 14 of 14

Jul. 7, 2020

U.S. Patent

S
(O3
S
Oy
-y
-~
O
e

-
O

.
-
L
™

%3 . s g . g ..,_“.
rd y a s . A

* A l- . . -
. .lI....__ 1 - : [ ] [ .... h I.I. - [ o h _-_..1. ) -
-_1.‘-.._. * JI. * T a F .-.‘ll.lt. l_.-.___i.\-.\__-.q__. ' .-I.l...-‘_.! ‘\\\._\. S LN ] ‘-.\.I ' k\“ l..-....i.é‘._.__. R Il_..___-l
e aa .u..lt.\..\'.-.l-.l\ml-.l_.llt‘l‘l-.! hlq\_l-..l-.l-..\.l-.l-..l-.l-.l-.l-.l-.l-.l-.l-.l-..ll.lll-.l-.lll-..ll.‘u.“-.l-.lll_.l-.lll‘llkvn‘l‘lll-l!l-lilnlll-lill\.i ! I._.lw.-...ll-.l-.l-.l-.l-..lll-.l-.lll-.l-.l-.l-.l-.lll-.l-.lll-.lllllu.‘..ﬁ.‘ll-.l!lll-.l-.lll-..u_h-. .llr__..-l-. .‘l"l-.lll-_ll.\_ll.. ’ l._tv_\-..l-.l-.l-..l-.l-.l-..l-.l-.l-..l-.l-.l-..l-.l-..\..l-.l-.l-..l-.l-.l-.ll\h“”lll-.\lll-l‘ll@l‘lll"lll-&l-.\lll‘u\ﬂ ! i..-i-..ll!lllu.\lll-.\lll-l‘lll-l‘lll-l‘lll-l‘lll-l‘\.i\‘ .-_l
" " ’ . T R R R R - . " -...__.-. LR R R R R Ly "r - ] llllllllllllllllllll.p T LR Y R Y P ey -
.b._r ..__.uuma.\_..._. -..._ ._.uu_.__. ) .._.._-M_‘.-..-._-.._ v, \uﬂ.__-__u_. ", “-“_-.-_-u‘.. > _-... ..._____nu_. . uu.-_...__-n-.-_ . \.___.-“m.. * .“..___._._ y h__._..- ._umru L < . q.._.__...____xu____.h. ﬁ.ﬂ . nnv ..m_n- £ A “ﬁ._.-n.... u\._”\__..u. .p_.
L -.l -.-... .-... . LI . . . _-.- . ' . - E B} -_ “a L] . ¥ , - I3 . L . - - -.-_. Y ..l.i . li »
" % s A x’ .s.“_. % RN .__mv._..m i o 7 £ % ..H-u.uﬁ. ‘m.u\...o\ Pk’ .ux._.\ % ‘" .__.n_..n.uﬂ- gy v ok ﬂ_\\ % “
-h. - l“- " .Q..““mﬂ'.lll““- l...-. iy iI. ._I [] i\...s“__ E " .-.-. l_-.l -7 [ l.- ..I_. ' . [ ¥ L.I__t_ ._.I.l J -__I.ttn i\‘i. ol ._-i [ ., [ ] - .-1.-.-. ‘\_“! -._1 l_-_ - d t_-. .l_. L] ”__..
\w “ B e R g “ Gt T e o o s Wi e T A s Py 0 W M T PR - " -
» i r t\-\......”‘.. I.-\u._l_-. . __..-w-l_..-_.-”.IHl .ull. .L-_l \\ l.-.\ l.-.1 l_I..I._ﬂ- ....”‘..- .-..‘_ .1.11. 11!.-..!-.11...__.._”““.- l|1 l\.l-‘.x .Il.-_ l‘_ I_.lll_- .-.l.ﬂl!-.!..ﬂ. .I.....-_..-..I“ .I"...._llnil-l...”.“-_.m._- '“U- I\-_-. . -.l.-. - l".lqi_..ﬂ-l.-..”_l.'li ..ﬂu.i..-.t...l. 1.......‘! .!l-lh””—...ﬂ.“- ﬁ .l-_-. \.\\- ll.-_ .L.-_.
u nnf l_._u_._“h-n_.._,\ )-.t.__.-_-u.h 51r \\n._._ _..- 'i._._ ..___._.__..n..._ T _-..\_.-..-.__._._ -mu._.____. _.__... m.__._ h.____ u_f_._- .__..__-‘.._\.1\ by 1_.____..11_-..___ h_u. ..\.__- .\ . -____-__. ..__..._n_._.-\ _-ux -t“__qi.-_ A ___\._,____.___. ____.r .,
Yo ey o v I R A R <1 7/ e e ” Y el e 5 7 :
. 7, N ; ’ P et g T, Lo " ;e t.._.r.._.\m ey, " g VY iy " y
_ o TaccersT N, p W e 4 W e SO T o merer X R g " "
-._.- L Y, nqu. _\Lu n\___ ___.-_____ | i -____.._ n.._.__ ..\hr\_x. _.-.-_ ~ _-_.__.. . ._._._ ..\Uh...._‘_.. ..__._..- ..._.. -____._. _.,_.' .1.._‘..\\...__- -.-_ -.-..__.
. " e 7 " Y . " L ‘. oy "
\.m..ntxmuuuuxx LRI e N T SRS IE IR rr s h PSS III ISP IIIIr I EA s,
h [ ] [ ] - [ [ ] o [ ] [ ] r ] r *
[l A .-.l - i [ .-..- L L . K " ' " " "
.w N tﬂ.-. _....___ _...- - ._._...___ ..._____ .__..._- m‘.\ _._.- -__._.-_. .4.._“- \\\ | ._1‘1 ...._n_. .._n_... -_...- ‘.
. ’ x ’ * * » * » *
w ;_.\ l..l l__‘ .1___ l\.l .Hl. l.-_-... \._-.‘ -.-1 . ‘..ﬂ. .-l.I .ﬁ..l -.11 * .h.- l_lt_. ..ﬂ..- -ﬂ .-l-_

w ¥
o
)
-
k|

. v v 2 e ’, » . 3
%, 7 SR AR SR, 7 I RT PSR A P AP, # IR AP AP AR, ST ERE AR AATSS, 3
. K i.i-_ . . ] . o ot i' .-_.___ .t..-_l o ' " 1-. -ﬂ.. -....-_l ! -.I -_.-. .\t-
k! 7 \‘u.‘ oA . - g ‘ " - g : y

-
f - * “

" t\ -_1 . o’ ]
- Hr "_. £, . l.q\ ..l'l. -“ [ ] t—..‘l l'.“. \‘- -.‘ - \‘ . ’
t.f . ...u__.‘_u a \‘\ _____ﬂ. .___._..._. . ..___“1 Ch ] x " . 11._ \\..“--\ - .H ] -_.___.._. -\ +U-.. J_.- ___.._.l l-._. " _u_.. .n.r

Tk
k]

, o . o 2 * = r * . v
a-f u\.__.k.- ___..__.un _ = “, u.._., v _ﬂ.._. ., . \u\\..:.\ _.n_q_..., k " “ \ X i . " ) " ",
u\‘.«..

S

.l‘i
T
»

"
% "

W

L
oY

A '

..-"l-

—.______..__n-
[} |
)

P, & 3 y W 7 . )
% e & \‘WJ_Q\\H\\H\.\\%H\\\H\HH\\K. 5 ﬁ.\\\\\\\\&\xﬁx\\\\&\\\\b\
L ! ll o ; . __-.-.. ..-._-

L)

_r ._.... - ™ q "a
FH\\H\\\\\H&«\\H\\\\\%&. F4 BAPIP IS IS SIS SIS IIIII, a ..
7 Y “ e . .

s

{‘:
N
an
Y
™,
RN

; -1_-. [ s
Fa %, " \\\x s o F 7o ; |

ﬂ- ]
_.\. ._-_._ ﬂ_ -1 . .___\_. * ..\ _.___u
" “ .Hu.\ . "

a

= .
o~ ’ F .,.x.
w - .-r i . ol .\l‘ ~ ' . a x . . 4 . i -
ol l_-. [ a . ¥+ » h;_- ] o ] n - ] L] -
| & 7z ; | v e _ “ “ 4 _ 2, " 74 -~ " * 7 v/ .
o & \wn.ﬂnﬁ.ﬂaﬁhﬂ.ﬂ.Hﬁﬁ._.f. " )4 e ) .._....x \Eﬁhﬂhﬁﬁﬁ.ﬂwﬂﬁﬁﬁﬁﬁ / P e e “ %
= ' ' . . s r, .o \.\\ -\\lq\-.f v, A A L
r [ | . = . " " " '
ﬂv “I " " H‘.. ..- \-\ \.\ .1!.& .i.l.' . _1 ﬁ k.- . . al\ .lh.i .
- . Y \\\ a
o

¥
o £
“ N “

. 7o "
L

i
™
b

3 k - ' M n .
; 3 . - 7o, . a 2 g
- ¥ .-._ [ | 1 _l\-_ . L ] H-. » .n- -..\
' 3 . » " A " g
n u

\\
i

o 2 " “ : - . o : "
.w...‘ Z m.,x, " - : . 4 i m\ s, ’ \\ \\ " %, A
P - U e Ll d \ﬁxxxxxxxxxx%xxxxxxxxx\# » mﬂxxxxxxxxxx}?ﬁxxxxxxxx - i \_.\xxxxxxxxxx}wﬁxxxxﬂb&h. % .
£, . 7, " %, " _ 4% % % "
” i . . . . .

L% . . ____.._.

) : P4 _ . g
ii. i.”.... .Ii.i v\.r\‘\ ..._\._- ..-_.lr J.E. n.l- l..# ] F
% . 54 " : "

A
o " " .\\\ ! . " !
574

P \.‘\\
.-..- -‘-1 ; \\\“l. ‘1 ._-.-. q-_.- -1__- . \.-. . d _-I ﬂ._ ..1.-'.___ A .-._-__.
vd .\\_. v E " 2 A “ . R A " s 5 o “ " %, “,
. 7 4 E&xx&xx&&x\&‘x\ﬁh\\\\xﬁ “u.\ N \\\\ A SIS SIS S SIS, \u\\ A A AL S ARSI AL S IAT, '
. " ] l.l A i.-_ b F l- i P Y - lI L
r e s ! r * s .

»
Fl a ' K
* -r- " F - "

= ; . r u. _.-_ A ) I\.._..-\\ - ii v *
A 2 T T N A L A T 2 O U .
S, & 7 e 7 _ ; 4 4 " " - k ¢
7 : \.ﬂi.“.xx.x.fxv\xxxxxxxxxb.m X Y.

i : . " A : : " x.“.. y . 8 ) ; Vit . '3 ' n__..
1 4 7o k " ..m \\ .w._n : E %\ -3 L_...v. " " \W \\ i K - A
2 ] 4 P
g .-.. rrrrrrrrrrr !, . .1%. AR ! ) . L\l . z l.h , . -Il- . . . -_._- 2
. . o ) ___\-

.

. " I“ r
.ﬁKHKEKKKKKKKEEHKKHKKKKKK;\;W
L4

7
% rd . . : p ; N % 3 " . "
r : ’ ' > * . " : » A . ., A
\.al.\ \\“__. .:-l _-._\ .‘...-..__.- \ -\- _-..___- "1 . ._.n\\‘ y ..-r ' .-_.___-_ h\l_.-.\ .\1 .ﬂ_- -- “a . “u " _u_.
ﬁ.v .\h.-\ nl\‘.\_\ ._1#... -.. ﬂ\l.\ -_-___. ﬂl ’ * __“-n \-1‘. ..n““_\ ,._..__- ..-.- ﬂ.— -.-.-_1___ m“..u ﬂ m- .._._.- ._._... ‘-_.
a.f \.\ Vi e e s 4 Ewwwwwwwwww@wwwwwwwwwwﬁﬁ \\ e 4 P V&wwwwﬁw@u&.@ﬁﬁwﬁwﬁ ' ", %,
P : . " ; _ A . 2 , 5% % " b &% % ! s 3
Y 7 7%, " g3 7 7o " 5, 7 w\ %, 4 o, ", ., s
o \‘ s " * . _‘_L... \\.\\ ..__.- " ‘. ...-_.._ Fah " ..__._._ -h . .t_\. .\..- .__.___ * .__..- ..___... “
\.u\ \1\ r ._,..._. r \-\. .._x_ s .___-._ " .\L\ o "* v, " o \\-\‘ * .ﬂ. ’ = .__.-.n
\L-. .I-_ v - ..llﬂ-. _-.r_-. q-__-.___.. . ..lﬂ. - \_\1. 1.-.'.. -..._-. .ql‘_\ -1 lﬂ\u . .._“-_-.. - _-_.-."1. ..t_.-_ l.-. \.\T n_-_ L] -.-.. l..- 'y -._-.-_. .-_.-.__.\ 1.-.. - .-_.-.ii
\.\ \.\\..\ y _\H\\HH\HHH.#,\HH\H\\HHEN .M\ \&H\H&\H&\H&bﬁk\k&\k&\k&ux_ .\..“.‘ ..‘..nmxH\H&\H&HH%&HH\HH\HH\H&A\ ..“..... JSLPIE SIS PSSP IR I IS SIS, “ )
f 4 . . | ", 3 W F 7 1. . 4 .. . : ‘ ,

'’ .-_ ,
]

z\“ £ -l r
1._\_ " ' A "
» .-.-. L | y +

7 . Y, ; .
\ll\ r " L o .\_-_l iy k) " - A L _.___1..___ £ . _n_.
. .-I. n li \ ..-_._. x .‘_..- A o -_..i i.__ 4 .q_l 5
”-_ 1..1. * ] _-_-‘_.. - .-.l . e ..." Ie._.___ ﬂ.. -
i

rd P .¢ 4
; n.\ . . “z v " . L S R :

L ; "
- * 'u Yl . . Y - " : . - . ! - % . L A
-.Im‘ ___h”.__. ._.u._q.._ .tﬂﬁn&h&%&\&\&%&\&h&%&%&k&b&h&%&\&h&%&\ﬂ&%&\ﬂ!&n,.___...__:.__...__...1..__.,.__.hhv\\\vhhhhhhhh.h“w*\ﬂﬁﬁ-ﬂﬁﬁ-ﬂﬁﬁ-& \&h&%&\&h&%&\&h&%&%&h&”ﬂnhh..?.__r.__...1..__...__.hﬂhhhhh..1..__.,.__...1..__..&H&\&h&%&\&h&%&%&h&%&\ﬁw‘%&\&&&\ﬂﬁ&\ﬂ-ﬁ?ﬂﬂ”ﬁhhhhhhhhhh \-_“Ehhhh\H..__.,.__.wa&x&&&x&&awx&&&&&&xtﬁ\ﬁlru_.1 L A N N A A N ._._\_.qh a s e e, 1.“-
s . ' o . ' » 1. - . .‘..-_ ! l.ﬁ 5 L]

*ll
L

L] ﬂq

o ” %, v ) ' s

. " " - . ..-__.___. -__.__. - . )
&5 7o s " P 4 ", P P 7 %, & P i ) 7
f... .._ﬁ.. | .,..m.... L4 K \\ rd . ", 4 F4 W voF 4 L4 ", 4
f .nu\ -\"_W\. __.____4..\\ _._. \\hhhhhhhhkh“\.\thhhhhhk\\"ﬂu .1_..__. .f\\“hhkhhhhhk%hhkhhhhhwﬂ ..._,__. ;sﬂ\\ﬂhhh\hh\h%”“mkih\\hh%%hﬂ. __L.\ t—i..hY.ll.......thni.u“\“\”tivti\iwif.tv..hww.‘\
.x\ . ..
._n ______

"
o
s

\
.\\\Rﬂ\\\\R\!\\\R\!\\\R\u?“\\ﬂ!\\\\\! Y s oy ety A e .\.AAAAAAAAAA\...‘..1t.t.n.._....}__..t......__..uu:_.i._....t.t.t....._......__..........i\it.._.i.it..._i.
. -~ s . ~ \, - e ._._.... _ 7
. r .-\.. \\_ - l____ . - .\\- T

. ' - ._._1.1 o _.\ -____m.q \\h\v ' 4 "y

 _F = L r r L ]

[ ]
4 A & s A o #f “ pd
o ! : ‘._\ ! T ) 7

" ‘ ! "

»” ! u A =

74 s o

N
™ iy
\" n,
“:"x
Ny
e

*u,
S
R

\

Ny
..‘:h.
",
:.Q"u

Mm. 4 % \x\ | s x..‘v\.
. : } S P Yy 7 P _m.;_.\.
J p: s p; . | . : f

. \l- 1 e . -\\.H-..-... ‘_‘.. = ‘\1\-

__.-\‘.
i . [
L\T v 4 ._._‘..- .1‘. rF L h- -.-..- ,
¢ y .-.ul...l...l...l..l..l...l..l..l..t..l...l...l..l..l...l..l..l..t..lal..t..l.-f."... ..I...l...l...l...l..l..l...l..l..l...l..l..l...l..l..l...l..hl..l...l..lal...l.q-“.u. .f.‘.‘.‘.‘.‘.‘.‘.‘.laﬁ.‘.l..‘.‘.la‘.‘.l..‘.‘.l..‘..‘.ﬁ.1. ‘.‘.%}%‘“‘3..

P
“_,,y-"’
“
.~.'I
™
N
~
o

~,
~
~



US 10,709,039 B2

1

DATA PROCESSING EQUIPMENT
STRUCTURE

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application 1s a U.S. continuation patent
application of, and claims priority under 35 U.S.C. § 120 to,

U.S. nonprovisional patent application Ser. No. 13/707,521,
filed Dec. 6, 2012, which 521 application published as U.S.

Patent Application Publication No. US 2013/0149954 A1 on
Jun. 13, 2013 and 1ssued as U.S. Pat. No. 9,655,259 on May
16, 2017, which ’521 application, the application publica-
tion thereof, and the patent 1ssuing therefrom are each
expressly incorporated by reference herein in their entirety,
and which *521 application 1s a U.S. nonprovisional patent
application of, and claims priority under 35 U.S.C. § 119(¢)
to, U.S. provisional patent application Ser. No. 61/568,692,
filed Dec. 9, 2011, which *692 application 1s expressly
incorporated by reference herein 1n 1ts entirety.

APPENDIX AND INCORPORATION THEREOF
BY REFERENCE

Each of the {following U.S. patent applications 1s
expressly incorporated by reference herein in 1ts entirety:
(a) U.S. provisional patent application Ser. No. 61/411,
359, filed Nov. 8, 2010 and entitled “ADJUSTABLE
WALL ASSEMBLY FOR HOT/COLD AISLE CON-
TAINMENT SYSTEM,” a copy of which 1s attached
hereto as Appendix A, which 1s likewise expressly
incorporated by reference herein 1n its entirety; and

(b) U.S. nonprovisional patent application Ser. No.
13/291,861, filed Nov. 8, 2011 and entitled “HEADER

PANEL ASSEM BLY FOR PREVENTING AIR CIR-
CULATION ABOVE ELECTRONIC EQUIPMENT
ENCLOSURE,” published as U.S. Patent Application
Publication No US 2012/0112612 A1, which publica-
tion 1s likewise expressly 1ncorp0rated by reference
herein 1n 1ts entirety.
The disclosure of each of the foregoing patent applications
1s intended to provide background and technical information
with regard to the systems and environments of the inven-
tions of the current provisional patent application.

COPYRIGHT STATEMENT

All of the material in this patent document 1s subject to
copyright protection under the copyright laws of the United
States and other countries. The copyright owner has no
objection to the facsimile reproduction by anyone of the
patent document or the patent disclosure, as 1t appears in
oflicial governmental records but, otherwise, all other copy-
right rights whatsoever are reserved.

BACKGROUND

Field

The present invention relates generally to structures for
housing data processing equipment, and, 1n particular, to
data processing equipment structures that provide enhanced
airtlow solutions.

Background

Racks, frames and enclosures for mounting and storing
computer and other electronic components or equipment
have been well known for many years. Racks and frames are
typically simple rectangular frameworks on which elec-
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2

tronic components may be mounted, or on which other
mounting members, such as shelves or brackets, may be
mounted which in turn may support the electronic compo-
nents. Enclosures are typically frames on which panels or
doors, or both, are hung to provide aesthetic improvement,
to protect the components from external influences, to
provide security for the components stored inside, or for
other reasons.

Racks, frames and enclosures have been built 1n many
different sizes and with many diflerent proportions 1n order
to best accommodate the components which they are
designed to support and store. Components stored in these
enclosures may include audio and video equipment and the
like, but quite frequently include computer equipment and
related peripheral devices. These components typically
include housings enclosing internal operative elements.

As 15 also well known, the electronic equipment mounted
in these structures tends to generate large amounts of ther-
mal energy that needs to be exhausted away from the
equipment effectively 1n order to maintain the equipment 1n
proper operating order or to prevent damage thereto. The
problem can be especially significant when the components
are enclosed in enclosures, because thermal energy gener-
ated thereby can concentrate within the equipment enclosure
and cause the components to overheat and shut down. As
equipment becomes more densely packed with electronics,
the quantities of thermal energy have continued to increase
in recent years, and thermal energy management has become
a significant 1ssue confronting today’s rack, enclosure, frame
and enclosure manufacturers, the manufacturers of the elec-
tronic equipment, and the users of such equipment.

Typically, multiple racks, frames, enclosures, and the like
(sometimes collectively referred to heremaiter as “enclo-
sures’”) are housed together in a data center room. Because
of the overheating problem, and particularly with multiple
enclosures being placed 1n a single room, thermal manage-
ment of the data center room 1s very important. A goal of
data center thermal management 1s to maximize the perfor-
mance, uptime and life expectancy of the active components
being housed in the room. Toward this end, data center
rooms are often arranged so as to increase efliciency and
optimize performance.

One common way of organizing a data center room to
meet these objectives mvolves arranging individual enclo-
sures 1n rows, with the air intake of each enclosure facing
toward one 51de of the row and the heated air exhaust of each
enclosure facing toward the other side of the row. Rows of
enclosures are arranged in back-to-back relationship so that
enclosures of two separate rows exhaust heated air into a
common “hot” aisle between the rows. Heated exhaust air
from the hot aisle 1s then drawn 1nto a cooling unit—often
arranged as an 1n-line unit within the row of enclosures. The
cooled air 1s then deposited back into the ambient space of
the data center room to be re-used in the cooling process.

In such an arrangement, however, several drawbacks are
known to exist. For instance, the establishment of a hot aisle
between rows eliminates the possibility of having dedicated
cooling units to manage the cooling process for each row
individually. Additionally, under existing hot aisle method-
ology, the entire space of the data center room must be kept
cool 1 order to provide a ready supply of cooled air
available to the enclosure mtakes. Due to its typically large
volume, the data center room 1s generally incapable of being,
adequately pressurized.

Accordingly, a need exists for improvement in the
arrangement of equipment enclosures within a data center
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room so as to further enhance efliciency and performance.
This, and other needs, 1s addressed by one or more aspects
of the present invention.

SUMMARY

Broadly defined, the present invention according to a first
aspect 1mcludes a data processing equipment structure that
includes a plurality of sidewalls and a ceiling panel, which,
together, define an enclosed space. The structure further
includes at least one equipment enclosure and at least one
cooling unit arranged 1n side-to-side relationship 1n a row
within the enclosed space. At least one separation panel
divides the enclosed space into a front plenum at a front side
of the row and a rear plenum at a rear side of the row. Cool
air 1n the front plenum 1s 1solated from heated exhaust air 1n
the rear plenum.

In features of this aspect, the volume of the front plenum
may be less than half of the volume of the enclosed space;
and the front plenum may be pressurized.

In other features of this aspect, the at least one equipment
enclosure may be a plurality of equipment enclosures; the at
least one cooling unit may be located at an end of the row;
the at least one cooling unit may be located intermediately
within the row; the at least one cooling unit may be a
plurality of cooling units; and the cooling units may be
located within the row proximate to equipment enclosures
that house electronic equipment that requires cooling.

In still another feature of this aspect, the data processing,
equipment structure further includes an internal sidewall for
scaling the size of the enclosed space.

Broadly defined, the present invention according to a
second aspect includes a data processing equipment struc-
ture substantially as shown and described.

Broadly defined, the present invention according to a third
aspect 1mcludes a data processing equipment structure that
includes at least one equipment enclosure and at least one
cooling unit arranged 1n side-to-side relationship 1n a row.
The structure further includes an overhead duct in fluid
communication with the at least one equipment enclosure
and the at least one cooling unit. The overhead duct is
adapted for containing and directing airflow between the at
least one equipment enclosure and the at least one cooling
unit.

In features of this aspect, the overhead duct may contain
heated air exhausted from the equipment enclosures; and the
overhead duct may contain a supply of cool arr.

Broadly defined, the present invention according to a
fourth aspect includes a data processing equipment structure
that includes a pair of rows of equipment enclosures defining,
an aisle between the rows and at least one cooling unit above
the aisle. The equipment enclosures are arranged 1n side-to-
side relationship within each row. The structure further
includes an overhead duct 1n fluid communication with the
equipment enclosures of each row and the at least one
cooling unit. The overhead duct 1s adapted for containing
and directing airtlow between the equipment enclosures and
the at least one cooling unit.

In features of this aspect, enclosures of each row may be
arranged such that cool air intakes face toward the aisle; and
the aisle may contain a supply of cool air.

In other features of this aspect, enclosures of each row
may be arranged such that heated air 1s exhausted toward the
aisle; and the aisle may contain heated air exhausted from
the equipment enclosures.

Broadly defined, the present invention according to a fifth
aspect 1mcludes a data processing equipment structure that
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includes at least one equipment enclosure and at least one
cooling unit arranged 1n side-to-side relationship 1n a row.
The structure further includes a duct arranged underneath,
and 1n fluild communication with, each of the at least one
equipment enclosure and the at least one cooling unit. The
duct 1s adapted for containing and directing airflow between
the at least one equipment enclosure and the at least one
cooling unit.

In features of this aspect, the duct may contain heated air
exhausted from the equipment enclosures; and the duct may
contain a supply of cool arr.

Broadly defined, the present invention according to a
s1xth aspect includes a data processing equipment structure
that includes a pair of rows of equipment enclosures defining
an aisle between the rows and at least one cooling unit
beneath the aisle. The equipment enclosures are arranged 1n
side-to-side relationship within each row. The structure
further includes a duct arranged underneath, and 1 fluid
communication with, the equipment enclosures of each row
and the at least one cooling unit. The duct 1s adapted for
containing and directing airflow between the equipment
enclosures and the at least one cooling unait.

In features of this aspect, enclosures of each row may be
arranged such that cool air intakes face toward the aisle; and
the aisle may contain a supply of cool arr.

In other features of this aspect, enclosures ol each row
may be arranged such that heated air 1s exhausted toward the
aisle; and the aisle may contain heated air exhausted from
the equipment enclosures.

Broadly defined, the present mmvention according to a
seventh aspect includes a data processing equipment struc-
ture that icludes at least one equipment enclosure and at
least one cooling unit arranged 1n side-to-side relationship 1n
a row. The structure further includes a duct, arranged at a
side of the row, 1n fluid communication with the at least one
equipment enclosure and the at least one cooling unit. The
duct 1s adapted for containing and directing airflow between
the at least one equipment enclosure and the at least one
cooling unit.

In features of this aspect, the duct may contain heated air
exhausted from the equipment enclosures; the duct may
contain a supply of cool air; the data processing equipment
structure may further include an overhead duct in fluid
communication with the at least one equipment enclosure
and the at least one cooling unit; and the data processing
equipment structure may further include an underneath duct
in fluid communication with the at least one equipment
enclosure and the at least one cooling unit.

Broadly defined, the present invention according to an
eighth aspect includes a data processing equipment arrange-
ment that includes a plurality of data processing equipment
structures. Fach data processing equipment structure
includes at least one equipment enclosure and at least one
cooling unit arranged 1n side-to-side relationship 1n a row.
Each data processing equipment structure further includes a
duct 1n fluid communication with the at least one equipment
enclosure and the at least one cooling umt. The duct is
adapted for containing and directing airflow between the at
least one equipment enclosure and the at least one cooling
unit.

In features of this aspect, the duct of each structure may
be an overhead duct; the duct of each structure may be an
underneath duct; the duct of each structure may be arranged
at a side of each row; and adjacent data processing equip-
ment structures may have a shared sidewall.

Broadly defined, the present mmvention according to a
ninth aspect includes a data processing equipment arrange-
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ment, which includes a plurality of data processing equip-
ment structures, substantially as shown and described.

Further areas of applicability of the present invention waill
become apparent from the detailed description provided
heremnafter. It should be understood that the detailed descrip-
tion and specific examples, while idicating the pretferred
embodiment of the immvention, are intended for purposes of
illustration only and are not intended to limait the scope of the
invention.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

Further features, embodiments, and advantages of the
present mvention will become apparent from the following
detailed description with reference to the drawings, wherein:

FIG. 1 1s a front orthogonal view of a data processing
equipment structure, in accordance with one or more aspects
of the present invention, shown with cooling units disposed
at ends of a row of equipment enclosures;

FIG. 2 1s a front orthogonal view of a data processing
equipment structure, in accordance with one or more aspects
ol the present invention, shown with cooling units disposed
at an end and mtermediate of ends of a row of equipment
enclosures;

FIGS. 3 and 4 are respective front and rear orthogonal
views ol the data processing equipment structure of FIG. 2,
shown with circulation lines or arrows 1illustrating airtlow;

FIG. 5 1s a sectional view of the data processing equip-
ment structure of FIG. 2, taken along line 5-5;

FIG. 6 1s a front orthogonal view of a data processing
equipment structure, in accordance with one or more aspects
ol the present mvention, shown with an internal sidewall to
scale the size of the internal space for housing equipment
enclosures;

FIG. 7 1s an 1sometric view of a second embodiment of a
data processing equipment structure in accordance with one
or more aspects of the present invention;

FIG. 8 1s an 1sometric view of a third embodiment of a
data processing equipment structure in accordance with one
or more aspects of the present invention;

FIG. 9 1s an 1sometric view of a fourth embodiment of a
data processing equipment structure 1in accordance with one
or more aspects of the present mvention;

FIG. 10 1s an 1sometric view of a plurality of the data
processing equipment structures of FIG. 9, depicted n a
side-to-side relationship;

FIG. 11 1s an 1sometric view of a fifth embodiment of a
data processing equipment structure 1in accordance with one
or more aspects of the present mvention;

FIG. 12 1s an 1sometric view of a sixth embodiment of a
data processing equipment structure in accordance with one
or more aspects of the present invention;

FIG. 13 15 an 1sometric view of a seventh embodiment of
a data processing equipment structure in accordance with
one or more aspects of the present invention; and

FIG. 14 1s an 1sometric view of a plurality of the data
processing equipment structures of FIG. 13, depicted 1n a
side-to-side relationship.

DETAILED DESCRIPTION

As a preliminary matter, 1t will readily be understood by
one having ordinary skill in the relevant art (“Ordinary
Artisan”) that the present imvention has broad utility and
application. Furthermore, any embodiment discussed and
identified as being “preferred” 1s considered to be part of a
best mode contemplated for carrying out the present inven-
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tion. Other embodiments also may be discussed for addi-
tional 1llustrative purposes in providing a full and enabling
disclosure of the present invention. Moreover, many
embodiments, such as adaptations, variations, modifications,
and equivalent arrangements, will be implicitly disclosed by
the embodiments described herein and fall within the scope
of the present invention.

Accordingly, while the present invention 1s described
herein in detail in relation to one or more embodiments, 1t 1S
to be understood that this disclosure 1s illustrative and
exemplary of the present invention, and 1s made merely for
the purposes of providing a full and enabling disclosure of
the present invention. The detailed disclosure herein of one
or more embodiments 1s not intended, nor 1s to be construed,
to limait the scope of patent protection afforded the present
invention, which scope 1s to be defined by the claims and the
equivalents thereof. It 1s not intended that the scope of patent
protection aflorded the present invention be defined by
reading mto any claim a limitation found herein that does not
explicitly appear 1n the claim 1tself.

Thus, for example, any sequence(s) and/or temporal order
ol steps of various processes or methods that are described
herein are illustrative and not restrictive. Accordingly, 1t
should be understood that, although steps of various pro-
cesses or methods may be shown and described as being 1n
a sequence or temporal order, the steps of any such processes
or methods are not limited to being carried out in any
particular sequence or order, absent an 1indication otherwise.
Indeed, the steps in such processes or methods generally
may be carried out 1n various diflerent sequences and orders
while still falling within the scope of the present invention.
Accordingly, 1t 1s intended that the scope of patent protection
allorded the present invention i1s to be defined by the
appended claims rather than the description set forth herein.

Additionally, 1t 1s 1important to note that each term used
herein refers to that which the Ordinary Artisan would
understand such term to mean based on the contextual use of
such term herein. To the extent that the meaning of a term
used herein—as understood by the Ordinary Artisan based
on the contextual use of such term—diflers in any way from
any particular dictionary defimition of such term, 1t 1s
intended that the meaming of the term as understood by the
Ordinary Artisan should prevail.

Furthermore, it 1s important to note that, as used herein,
“a” and “an” each generally denotes “at least one,” but does
not exclude a plurality unless the contextual use dictates
otherwise. Thus, reference to “a picnic basket having an
apple” describes “a picnic basket having at least one apple”
as well as “a picnic basket having apples.” In contrast,
reference to “a picnic basket having a single apple”
describes “‘a picnic basket having only one apple.”

When used herein to join a list of 1tems, “or” denotes “at
least one of the items,” but does not exclude a plurality of
items of the list. Thus, reference to “a picnic basket having
cheese or crackers™ describes “a picnic basket having cheese
without crackers,” “a picnic basket having crackers without
cheese,” and “a picnic basket having both cheese and
crackers.” Finally, when used herein to join a list of items,
“and” denotes “all of the items of the list.” Thus, reference
to “a picnic basket having cheese and crackers” describes “a
picnic basket having cheese, wherein the picnic basket
turther has crackers,” as well as describes “a picnic basket
having crackers, wherein the picmic basket further has
cheese.”

Referring now to the drawings, in which like numerals
represent like components throughout the several views, the
preferred embodiments of the present immvention are next
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described. The following description of one or more pre-
terred embodiment(s) 1s merely exemplary in nature and 1s
in no way intended to limit the mvention, its application, or
uses.

FIG. 1 1s a front orthogonal view of a data processing
equipment structure 10, in accordance with one or more
aspects of the present invention, shown with cooling units 14
disposed at ends of a row of equipment enclosures 12. FIG.
2 1s a front orthogonal view of a data processing equipment
structure 10, 1n accordance with one or more aspects of the
present mvention, shown with cooling units 14 disposed at
an end and intermediate of ends of a row of equipment
enclosures 12. As used herein, the term ““data processing
equipment” refers to a wide range of electronic equipment as
well as racks, frames, enclosures, and the like that are
typically used to house such equipment.

As shown 1n FIGS. 1 and 2, the data processing equipment
structure 10 generally includes sidewalls 22,24 and a ceiling
panel 28. Together, the sidewalls 22,24 and ceiling panel 28
enclose a row of enclosures 12 resting on a floor surface 40
in a data center room. In a preferred embodiment, the
sidewalls 22,24 and ceiling panel 28 are solid so as to
prevent mixing of air from outside the structure 10 with the
controlled environment within. Although not a required
teature, the structure 10 may optionally include a floor panel
26 resting on or above the floor surtace 40 such that the row
of enclosures 12 rests on the floor panel 26. In FIGS. 1 and
2, the front sidewall 24 and ceiling panel 28 are shown as
being transparent 1n order to 1llustrate the row of enclosures
12 contained within the structure 10, while the other walls
are shown as being opaque. In fact, any of the panels may
be transparent or opaque as desired.

As further shown 1n FIGS. 1 and 2, one or more in-line
cooling units 14 are arranged within the row of enclosures
12. In FIG. 1, a cooling unit 14 1s disposed at each of the two
ends of the row of enclosures 12. However, there may also
be a need to include a cooling unit 14 intermediate of the
ends of a row of enclosures 12, as shown 1n FIG. 2. While
two cooling units 14 are depicted in each of FIGS. 1 and 2,
more or less cooling units 14 may be included, as might be
appreciated by the Ordinary Artisan. Cooling units 14 are
generally, though perhaps not always, disposed proximate to
enclosures 12 that house equipment in need of cooling.
Because all enclosures 12 may not be 1n use at all times, the
location of the cooling units 14 within the row can be
matched with enclosures 12 that are 1n use. Enclosures 12
house a wide varniety of electronic equipment, including
storage equipment, servers, switches and other like devices
and equipment for data processing. Cooling units 14 embed-
ded within the row may utilize a wide variety of cooling
solutions, icluding DX cooling, chilled water cooling and
other types of economized cooling solutions.

FIGS. 3 and 4 are respective front and rear orthogonal
views of the data processing equipment structure 10 of FIG.
2, shown with circulation lines or arrows illustrating airflow.
The front sidewall 24 and ceiling panel 28 1n FIG. 3 and the
rear sidewall 24 and ceiling panel 28 1n FIG. 4 are shown as
being transparent 1n order to 1llustrate the row of enclosures
12 contained within the structure 10. FIG. 5 1s a sectional
view of the data processing equipment structure of FIG. 2,
taken along line 5-5. As collectively shown therein, the
structure 10 1s divided or compartmentalized to define a
front plenum 30 at or along the front side of the row of
enclosures 12 and a rear plenum 60 at or along a rear side
of the row of enclosures 12. In the arrangement shown, the
front plenum 350 houses the cool air supply of the structure
10 provided by the cooling units 14 and 1s 1n fluid connec-
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tion with the air intakes of the various enclosures 12, while
the rear plenum 60 contains heated exhaust air exhausted
from equipment mounted within the enclosures 12 and 1s 1n
fluid connection with the air intakes of the cooling units 14.
However, it will be appreciated that this arrangement may be
reversed such that the rear plenum 60 houses the cool air
supply and the front plenum 350 contains the heated exhaust
air.

The front plenum 50 and rear plenum 60 are separated
from one another by the enclosures 12 and the cooling units
14 1n combination with one or more separation panels 16,18.
As perhaps best shown in FIG. 5, separation panels 16
extend from the tops of the air cooling units 14 to the ceiling
panel 28, and separation panels 18 extend from the tops of
the enclosures 12 to the ceiling panel 28. Separation panels
16,18 thus ensure that the cool air supply of the front plenum
50 1s 1solated from the heated exhaust air of the rear plenum
60.

As shown i FIG. 3, cool air (represented by arrows
shown 1n outline form) enters the front plenum 350 via the
cooling units 14 and 1s dispersed within the front plenum 50.
Separation panels 16,18 prevent the cool air 1 the front
plenum 50 from mixing with the heated exhaust air 1n the
rear plenum 60. Cool air 1s then drawn into the air intakes
of the enclosures 12 to cool equipment mounted therein.
Conveniently, the cooling units 14 may be arranged within
the row at locations proximate to enclosures 12 that house
equipment to be cooled.

As shown 1n FIG. 4, heated exhaust air (represented by
arrows shown 1n solid form) 1s exhausted from the rear sides
of the enclosures 12 into the rear plenum 60. Heated exhaust
air 1s contained within the rear plenum 60, separate from
both the front plenum 50 and any other rows of electronic
equipment within the data center room. From the rear
plenum 60, heated exhaust air 1s drawn 1nto the air intakes
of the cooling umits 14 where it 1s cooled before being
reintroduced into the front plenum 30 as cooled arr.

FIG. 6 1s a front orthogonal view of a data processing
equipment structure 10, in accordance with one or more
aspects of the present invention, shown with an internal
sidewall 30 to scale the size of the internal space for housing,
equipment enclosures 12. In FIG. 6, the front sidewall 24
and ceiling panel 28 are once again shown as being trans-
parent in order to illustrate the row of enclosures 12 con-
tained within the structure 10. As shown in FIG. 6, the
structure 10 1s capable of easy modification in order to suit
the particular needs of a data center. More particularly, 1
only a few enclosures 12 are required for a particular data
center, an internal sidewall 30 may be configured within the
structure 10 to 1solate any unneeded space (i.e., the space at
the rightmost end of the structure 10 of FIG. 6) from actively
used space (1.e., the space at the leftmost end of the structure
10 of FIG. 6) where electronic equipment 1s maintained. The
internal sidewall 30 may be located 1n any of a number of
different positions within the structure 10 so as to permit
scaling the size of the structure 10 to a preferred size to
accommodate more or less equipment enclosures 12. As
such, the internal space of the structure 10 1s capable of
expansion or reduction 1n size to address particular needs of
a data center.

In accordance with another aspect of the present mven-
tion, the structure 10 may be configured to provide addi-
tional scalability features. In particular, mndividual enclo-
sures 12 within the row may be fitted with active and passive
louvers (not shown) such that each individual enclosure 12
may be rendered active or 1nactive within the structure 10.
Furthermore, it 1s also contemplated that individual enclo-
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sures 12 within the row may include solid caps (not shown)
capable of being fitted to the front or rear of the respective
enclosure 12, thereby covering the air intake or hot air
exhaust of the respective enclosure 12. In this regard,
individual enclosures 12 may be rendered inactive without
the need of removing the enclosure from the structure 10.

As shown 1 FIGS. 1-6, the structure 10 provides an
environment for thermal management of a row of equipment
enclosures 12. Where the data center room 1ncludes multiple
rows of equipment enclosures, thermal management of each
individual row 1s possible 1 accordance with the present
invention, as the supply of cool air in the front plenum 50
and heated exhaust air 1 the rear plenum 60 of a particular
row can be eflectively isolated from other rows. Each
individual row of equipment enclosures 12 1s capable of
thermal management by one or more dedicated cooling units
14 within the row. As such, what 1s often a very complex air
space within a data center room can be simplified 1n a
manner such that each row 1s capable of being managed
independently of other rows.

By limiting the air interaction between separate rows of
clectronic equipment 12, the methodology of the present
invention simplifies control of the thermal management
process. Cooling needs for each individual row can be
ascertained, which facilitates the application of simple con-
trol algorithms to manage the process and maximize airflow
and cooling efliciency of each row in the data center room.
With enhanced airflow efliciency, cooling units can operate
at a lower power state, thus enhancing power consumption
of the structure 10 as well.

Separation of the front plenum 50 from the rear plenum 60
turther enhances the energy efliciency of the structure 10 by
reducing or minimizing wasted airflow arising from recir-
culation or bypass, which can ultimately increase the rate of
heated air exhausted into the rear plenum 60 during the
cooling process. Such an increase facilitates an 1mprove-
ment 1n the efliciency of cooling coils of the cooling units
14, which allows for a reduction 1n cooling umt fan speed.
In this regard, a reduction 1 fan speed can reduce power
consumption and thereby enhance the energy efliciency of
the structure 10.

Energy efliciency of the structure 10 1s also enhanced by
the relatively short airflow path afiorded by the structure 10.
Cooling units 14 can be located within the row to be
proximate to enclosures 12 that house electronic equipment.
By coupling cooling unmits 14 with enclosures 12, the airtlow
path can be direct and short, thus providing a ready supply
of cool air in the vicinity of the enclosure 12. Furthermore,
as shown in FIGS. 1-6, the volume of the front plenum 50
1s relatively small, which can facilitate a pressurized state.
Such pressurization at the cool air intake of enclosures 12
can further enhance airflow through electronic equipment.

In accordance with various aspects of the present inven-
tion, power may be provided to the cooling units 14 and
clectronic equipment mounted within the enclosures 12 by
means of a busway. Power may also be provided to the
cooling units 14 and electronic equipment mounted within
the enclosures 12 via conduit and junction boxes. In accor-
dance with other aspects of the present invention, the
structure 10 may be fitted with various integrated systems,
such as security systems, fire suppression systems, lighting
systems and general I'T management operation systems. In
this regard, the structure 10 of the present invention 1s
capable of managing a multitude of functions for an indi-
vidual row of enclosures 12, including thermal management,
power, fire suppression and other critical functions.

10

15

20

25

30

35

40

45

50

55

60

65

10

It 1s further contemplated that multiple structures 10 can
be organized within a single data center room, with each
separate structure 10 being specifically configured to
enhance or optimize thermal management with respect to
equipment mounted therein.

FIG. 7 1s an 1sometric view of a second embodiment of a
data processing equipment structure 110 in accordance with
one or more aspects of the present invention. As shown
therein, the data processing equipment structure 110 gener-
ally includes a plurality of equipment enclosures 112 orga-
nized 1n a row and at least one cooling unit 114. Although
one cooling unit 114 1s shown, 1t 1s contemplated that
multiple cooling units 114 may be implemented within the
row. The cooling unit 114 includes or operates in conjunc-
tion with a cooling fan 117 to assist in facilitating airflow
during the cooling process. The structure 110 further
includes an overhead duct 115 (shown as being transparent
in FIG. 7) for contaiming and directing air during the cooling
process. The overhead duct 115 1s 1n fluid commumnication
with the enclosures 112 and the cooling unit 114.

In accordance with this embodiment, airflow can be
directed such that cool air 1s drawn into the enclosures 112
from the environment 1n which the structure 110 1s orga-
nized. Cool air 1s utilized to cool equipment mounted 1n the
enclosures 112 and 1s then exhausted 1nto the overhead duct
115 as heated exhaust air. From the overhead duct 115,
heated exhaust air may be directed toward the in-line
cooling unit 114 where the heated exhaust air 1s cooled
before being reintroduced to the supply of cool air outside of
the structure 110.

Airflow can also be directed such that cool air 1s drawn
into enclosures 112 from the overhead duct 115. In this
arrangement, cool air 1s utilized to cool equipment mounted
in the enclosures 112 and 1s then exhausted into the envi-
ronment outside the structure 110 as heated exhaust air. The
in-line cooling unit 114 then draws heated exhaust air from
the exterior environment to be cooled before being reintro-
duced to the supply of cool air contained within the overhead
duct 113.

FIG. 8 1s an 1sometric view of a third embodiment of a
data processing equipment structure 210 1n accordance with
one or more aspects ol the present immvention. As shown
therein, the data processing equipment structure 210 gener-
ally includes a pair of rows of equipment enclosures 212 that
are arranged 1n side-to-side relationship. Together, the rows
ol enclosures 212 define an aisle 219 therebetween. The
structure further includes a cooling unit/fan 217 above the
aisle and an overhead duct 2135 (shown as being transparent
in FIG. 8) for contaiming and directing air during the cooling
process. The overhead duct 2135 1s 1n fluid commumnication
with the enclosures 212 and the cooling umt/fan 217.
Although one cooling unit/fan 217 1s shown, it 1s contem-
plated that multiple such units may be implemented above
the aisle 219. It 1s further contemplated that one or more
doors may be utilized to seal ends of the aisle 219 from the
outside environment and provide access to the aisle 219
when necessary.

In accordance with this embodiment, airflow can be
directed such that cool air 1s drawn 1nto enclosures 212 from
the aisle 219 between the rows. In this regard, enclosures
212 of each row may be arranged such that cool air intakes
face toward the aisle 219, and the aisle 219 between the rows
operates as a “cold” aisle for containing a supply of cool air.
Cool air 1s utilized to cool equipment mounted in the
enclosures 212 and 1s then exhausted into the overhead duct
215 as heated exhaust air. The cooling umit/fan 217 above the
aisle 219 then draws heated exhaust air from the overhead
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duct 215 into the cooling unit/fan 217, where the heated
exhaust air 1s cooled before being reintroduced to the supply
of cool air contained within the aisle 219.

Airflow can also be directed such that cool air 1s drawn
into the enclosures 212 from the overhead duct 215. In this
arrangement, cool air 1s utilized to cool equipment mounted
in the enclosures 212 and 1s then exhausted into the aisle
between the rows of enclosures 212 as heated exhaust air. In
this regard, enclosures 212 of each row may be arranged
such that heated air 1s exhausted toward the aisle 219, and
the aisle 219 between the rows operates as a “hot” aisle for
contaiming heated air exhausted from the enclosures 212.
From the aisle 219 between the rows, heated exhaust air may
be directed toward the cooling unit/tfan 217 above the aisle
219 where the heated exhaust air 1s cooled before being
reintroduced to the supply of cool air contained within the
overhead duct 215.

FIG. 9 1s an 1sometric view of a fourth embodiment of a
data processing equipment structure 310 in accordance with
one or more aspects of the present invention. As shown
therein, the data processing equipment structure 310 gener-
ally includes a plurality of equipment enclosures 312 orga-
nized 1 a row and at least one in-line cooling unit 314.
Although just one cooling unit 314 1s shown, 1t 1s contem-
plated that multiple cooling units 314 may be implemented
within the row. The cooling unit 314 includes or operates in
conjunction with a cooling fan 317 to assist in facilitating
airtlow during the cooling process. The structure 310 further
includes an overhead duct 315 and a separate side duct 319
arranged at a side of the row, each being 1 fluild commu-
nication with the enclosures 312 and the cooling unit 314.

In accordance with this embodiment, airflow can be
directed such that cool air 1s drawn 1nto the enclosures 312
from the side duct 319, which may be configured to function
as a reservoir for cool air. Cool air i1s utilized to cool
equipment mounted in the enclosures 312 and 1s then
exhausted into the overhead duct 315 at the side of the row
as heated exhaust air. From the overhead duct 315, heated
exhaust air may be directed toward the in-line cooling unit
314 where the heated exhaust air 1s cooled before being
reintroduced to the supply of cool air contained within the
side duct 319.

Airflow can also be directed such that cool air 1s drawn
into the enclosures 312 from the overhead duct 315, which
may be configured to function as a reservoir for cool arr.
Cool air 1s utilized to cool equipment mounted in the
enclosures 312 and 1s then exhausted into the side duct 319
as heated exhaust air. From the side duct 319, heated exhaust
air may be directed toward the in-line cooling unit 314
where the heated exhaust air 1s cooled before being reintro-
duced to the supply of cool air contained within the overhead
duct 315.

FIG. 10 1s an 1sometric view of a plurality of data
processing equipment structures 310 of FIG. 9. As shown
therein, multiple data processing equipment structures 310
may be arranged adjacent one another to define an overall
arrangement within a data center room. In this regard,
structures 310 adjacent to one another within the data center
room are capable of sharing common walls.

FIG. 11 1s an 1sometric view of a fiith embodiment of a
data processing equipment structure 410 in accordance with
one or more aspects of the present invention. As shown
therein, the data processing equipment structure 410 gener-
ally includes a plurality of equipment enclosures 412 orga-
nized 1n a row and at least one cooling unit 414. Although
one cooling umit 414 1s shown, it 1s contemplated that
multiple cooling unmits 414 may be implemented within the

10

15

20

25

30

35

40

45

50

55

60

65

12

row. The cooling umit 414 includes or operates 1n conjunc-
tion with a cooling fan 417 to assist in facilitating airflow
during the cooling process. The structure 410 further
includes a duct 415 located beneath the row of enclosures
412 and the cooling unit 414 (shown as being transparent 1n
FIG. 11). The duct 415 1s adapted to contain and direct air
during the cooling process and 1s in fluid communication
with the enclosures 412 and the cooling unit 414.

In accordance with this embodiment, airflow can be
directed such that cool air 1s drawn into the enclosures 412
from the environment in which the structure 410 1s orga-
nized. Cool air 1s utilized to cool equipment mounted 1n the
enclosures 412 and i1s then exhausted into the duct 415
beneath the enclosures 412 as heated exhaust air. From the
duct 415, heated exhaust air may be directed toward the
in-line cooling unit 414 where the heated exhaust air is
cooled before being reintroduced to the supply of cool air
outside of the structure 410.

Airflow can also be directed such that cool air 1s drawn
into enclosures 412 from the duct 415 beneath the enclo-
sures 412. In this arrangement, cool air 1s utilized to cool
equipment mounted in the enclosures 412 and 1s then
exhausted into the environment outside the structure 410 as
heated exhaust air. The in-line cooling unit 414 then draws
heated exhaust air from the exterior environment to be
cooled before being reintroduced to the supply of cool air
contained within the duct 415 beneath the enclosures 412.

FIG. 12 1s an 1sometric view of a sixth embodiment of a
data processing equipment structure 510 1n accordance with
one or more aspects of the present invention. As shown
therein, the data processing equipment structure 510 gener-
ally includes a pair of rows of equipment enclosures 512 that
are arranged 1n side-to-side relationship. Together, the rows
of enclosures 512 define an aisle 519 therebetween. The
structure further includes a cooling unit/fan 517 beneath the
aisle and a duct 5135 located beneath the rows of enclosures
512 (shown as being transparent in FIG. 12). The duct 515
1s adapted to contaimn and direct air during the cooling
process and 1s 1 fluid communication with the enclosures
512 and the cooling unit/fan 517. Although one cooling
umt/fan 517 1s shown, it 1s contemplated that multiple such
units may be implemented beneath the aisle 519. It 1s further
contemplated that one or more doors may be utilized to seal
ends of the aisle 519 from the outside environment and
provide access to the aisle 519 when necessary.

In accordance with this embodiment, airflow can be
directed such that cool air 1s drawn 1nto enclosures 512 from
the aisle 519 between the rows. In this regard, enclosures
512 of each row may be arranged such that cool air intakes
face toward the aisle 519, and the aisle 519 between the rows
operates as a “cold” aisle for containing a supply of cool air.
Cool air 1s utilized to cool equipment mounted in the
enclosures 512 and i1s then exhausted into the duct 515
beneath the rows of enclosures 512 as heated exhaust arr.
The cooling unit/fan 517 beneath the aisle 519 then draws
heated exhaust air from the duct 215 1nto the cooling unit/fan
517, where the heated exhaust air 1s cooled before being
reintroduced to the supply of cool air contained within the
aisle 519.

Airflow can also be directed such that cool air 1s drawn
into the enclosures 512 from the duct 515 beneath the rows
of enclosures 512. In this arrangement, cool air 1s utilized to
cool equipment mounted 1n the enclosures 512 and 1s then
exhausted into the aisle 519 between the rows of enclosures
512 as heated exhaust air. In this regard, enclosures 512 of
cach row may be arranged such that heated air 1s exhausted
toward the aisle 519, and the aisle 519 between the rows
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operates as a “hot” aisle for containing heated air exhausted
from the enclosures 512. From the aisle 519 between the
rows, heated exhaust air may be directed toward the cooling
unit/fan 517 beneath the aisle 519 where the heated exhaust
air 1s cooled before being reintroduced to the supply of cool
air contained within the duct 515 beneath the rows of
enclosures 512.

FIG. 13 1s an 1sometric view of a seventh embodiment of
a data processing equipment structure 610 in accordance
with one or more aspects of the present invention. As shown
therein, the data processing equipment structure 610 gener-
ally 1includes a plurality of equipment enclosures 612 orga-
nized in a row and at least one in-line cooling unit 614.
Although just one cooling unit 614 1s shown, it 1s contem-
plated that multiple cooling units 614 may be implemented
within the row. The cooling unit 614 includes or operates in
conjunction with a cooling fan 617 to assist 1n facilitating
airtlow during the cooling process. The structure 610 further
includes a duct 615 arranged beneath the rows of enclosures
612 and the cooling unit 614 and a separate side duct 619
arranged at a side of the row. Each of the underneath duct
6135 and the side duct 619 1s 1n fluid communication with the
enclosures 612 and the cooling unit 614.

In accordance with this embodiment, airflow can be
directed such that cool air 1s drawn into the enclosures 612
from the side duct 619, which may be configured to function
as a reservoir for cool air. Cool air 1s utilized to cool
equipment mounted 1n the enclosures 612 and 1s then
exhausted 1nto the duct 6135 beneath the rows of enclosures
612 and the cooling unit 614 as heated exhaust air. From the
underneath duct 615, heated exhaust air may be directed
toward the 1in-line cooling umit 614 where the heated exhaust
air 1s cooled before being reintroduced to the supply of cool
air contained within the side duct 619.

Airflow can also be directed such that cool air 1s drawn
into the enclosures 612 from the underneath duct 615, which
may be configured to function as a reservoir for cool arr.
Cool air 1s utilized to cool equipment mounted in the
enclosures 612 and 1s then exhausted into the side duct 619
as heated exhaust air. From the side duct 619, heated exhaust
ailr may be directed toward the in-line cooling unit 614
where the heated exhaust air 1s cooled before being reintro-
duced to the supply of cool air contained within the under-
neath duct 615.

FIG. 14 1s an 1sometric view of a plurality of the data
processing equipment structures 610 of FIG. 13, depicted in
a side-to-side relationship. As shown therein, multiple data
processing equipment structures 610 may be arranged adja-
cent one another to define an overall arrangement within a
data center room. In this regard, structures 610 adjacent to
one another within the data center room are capable of
sharing common walls.

Based on the foregoing information, it will be readily
understood by those persons skilled in the art that the present
invention 1s susceptible of broad utility and application.
Many embodiments and adaptations of the present invention
other than those specifically described herein, as well as
many variations, modifications, and equivalent arrange-
ments, will be apparent from or reasonably suggested by the
present mvention and the foregoing descriptions thereof,
without departing from the substance or scope of the present
invention.

Accordingly, while the present invention has been
described herein in detail 1n relation to one or more preferred
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embodiments, 1t 1s to be understood that this disclosure 1s
only 1llustrative and exemplary of the present invention and
1s made merely for the purpose of providing a full and
enabling disclosure of the imnvention. The foregoing disclo-
sure 1s not mtended to be construed to limit the present

invention or otherwise exclude any such other embodiments,
adaptations, variations, modifications or equivalent arrange-

ments; the present invention being limited only by the
claims appended hereto and the equivalents thereof.

What 1s claimed 1s:
1. A data processing equipment structure comprising:

at least one equipment enclosure and at least one 1n-line
cooling unit arranged 1n side-to-side relationship 1n a
row:; and

an overhead duct 1n fluid communication with, and struc-
turally coupled with, the at least one equipment enclo-
sure and the at least one 1n-line cooling unit;

wherein the at least one 1n-line cooling unit 1s adapted to
draw air from an exterior of the data processing equip-
ment structure for cooling; and

wherein the overhead duct 1s adapted to direct the cooled
air from the at least one in-line cooling unit to the at
least one equipment enclosure for cooling electronic
equipment.

2. The data processing equipment structure of claim 1,
wherein the at least one equipment enclosure 1s a plurality of
equipment enclosures.

3. The data processing equipment structure of claim 2,
wherein the at least one m-line cooling unit 1s located, within
the row, proximate to equipment enclosures that house
clectronic equipment that requires cooling.

4. The data processing equipment structure of claim 1,
wherein the at least one in-line cooling unit 1s a plurality of
in-line cooling units.

5. A data processing equipment structure comprising;:

at least one equipment enclosure and at least one 1n-line
cooling unit arranged in side-to-side relationship 1n a
row:; and

a duct 1n fluud communication with, and structurally

coupled with, each of the at least one equipment
enclosure and the at least one 1n-line cooling unit, the

duct being arranged underneath the at least one equip-
ment enclosure and the at least one in-line cooling unit;

wherein the duct 1s adapted to direct heated exhaust air
from the at least one equipment enclosure to the at least
one in-line cooling unit for cooling before being rein-
troduced to a supply of cool air outside of the data
processing equipment structure.

6. The data processing equipment structure of claim 5,
wherein the at least one equipment enclosure 1s a plurality of
equipment enclosures.

7. The data processing equipment structure ol claim 6,
wherein the at least one 1n-line cooling unit 1s located, within
the row, proximate to equipment enclosures that house
clectronic equipment that requires cooling.

8. The data processing equipment structure of claim 5,
wherein the at least one in-line cooling unit 1s a plurality of
in-line cooling units.
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